Molecular insights of adsorption and structure of surfactants and inorganic ions at fluid – liquid interfaces by Asadzadeh Shahir, Afshin
  
 
 
 
Molecular Insights of Adsorption and Structure of Surfactants and Inorganic 
Ions at Fluid – Liquid Interfaces 
 
 
 
Afshin Asadzadeh Shahir 
B.Sc. Applied Chemistry, M.Sc. Physical Chemistry 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2017 
 
 
 
 
School of Chemical Engineering 
 
 
i 
 
Abstract 
Traditional approaches to studying fluid – liquid interfaces include the macroscopic 
measuring of interfacial properties such as surface tension and matching the collected data against 
adsorption models. This method is capable of producing valuable data about the thermodynamics of 
adsorption and has been widely used by the community to extract information about the adsorption 
of thousands of different surface-active molecules. Nonetheless, this methodology cannot produce 
any molecular-level information about the microscopic structure of adsorption layers and interfaces. 
As a result, the molecular origins of many interfacial phenomena remained unknown until the 
advent of surface-sensitive techniques such as computer simulation and non-linear spectroscopy. 
The new insights provided by these methods have challenged the traditional views about the origins 
of some interfacial phenomena and promise modification of classical theories which were 
developed to explain these phenomena. 
In general, this thesis aims to study the interfacial structure and adsorption of ionic 
surfactants, some surface-active alcohols as model nonionic surfactants including, n-pentanol, 
methyl isobutyl carbinol (MIBC) and n-hexanol and inorganic salts including LiCl, NaCl and CsCl 
at both microscopic and macroscopic levels. The employed methodology involves a combination of 
traditional adsorption modelling with some macroscopic measurements and sum frequency 
generation (SFG) spectroscopy, which is capable of distinguishing between bulk and interfacial 
molecules. Using SFG spectroscopy, the interfacial structure of adsorption layers and the 
composition of interfaces were investigated in detail and independently of the bulk solution. 
Specifically, the surface saturation of solutions of MIBC was identified directly using SFG 
spectroscopy and was then compared to equilibrium surface tension data to find that surface tension 
surprisingly continued to decrease even after full surface saturation. This is in contradiction to the 
traditional view that all surfactants adsorb at the outermost adsorption monolayer. Because of the 
limited surface area of the topmost adsorption monolayer, its full saturation is considered as the end 
of the adsorption process. This view is based on the notion of Gibbs dividing plane, which is 
usually taken as being equal to the physical adsorption monolayer in a surfactant solution. The post-
saturation surface tension decrease, therefore, cannot be explained by the Gibbs convention. A 
different adsorption geometry, which considers the under-monolayer adsorption of alcohols, was 
proposed based on the Guggenheim extended interface model. In Chapter 5, a recent controversy 
about the applicability of the famous Gibbs adsorption isotherm to the analysis of surface tension 
data was addressed with regards to the new concept of under-monolayer adsorption. The results 
showed that the linearity of a surface tension plot is not necessarily indicative of a fully saturated 
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surface. The same adsorption geometry was also proposed for two other alcohols in Chapter 6. It 
was observed that adsorption geometry was not distinguishable by equilibrium surface tension plots 
but by dynamic characteristics of fluid – liquid interfaces. In other words, the under-monolayer 
adsorption significantly affected the rheological properties of the interface. This behaviour was also 
discussed as being responsible for the observed self-defoaming property of low-molecular-weight 
alcohols. In Chapter 7, immersion of the ionic headgroups of surfactants into the subsurface region 
was incorporated into some of popular adsorption models. The modified models could successfully 
explain why sodium dodecylsulphate (SDS) surface excess decreases at the oil – water interface 
compared to the air – water interface as well as with hydrophobicity of the non-aqueous phase. 
Finally, SFG spectroscopy was complemented with thin film pressure balance measurements in 
Chapter 8 to show that monovalent cations, in analogy to anions, can create an ion specific effect on 
the solution surface electric potential and interfacial water structure. The results also revealed the 
concentration-dependence of the water SFG response in the presence of salts. We explained these 
phenomena in terms of the polarizabilities of ions, which lead to the creation of an interfacial 
charge separation, i.e. ionic capacitance, as well as the kosmotropic-chaotropic effect of ions on 
water structure. 
From the findings of this thesis, adsorption geometry seems to be a major factor affecting the 
physicochemical characteristics of fluid – liquid interfaces and adsorption layers. However, it has 
often been undervalued by the majority of classical adsorption models while making simplifying 
assumptions. Now that the community has access to a variety of surface-sensitive techniques with 
molecular resolutions, the traditional approaches to studying interfaces should be reconsidered and 
complemented by the new advancements. This will open up new opportunities to shed light on the 
molecular origins of interfacial phenomena and resolve the existing controversies in the field, a few 
examples of which are covered in this thesis.  
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1.1. Why is study of the air – water interface important? 
Water covers about 70% of the Earth’s surface. The oceans interact with the atmosphere 
through a vast air – water interface whose physicochemical properties are crucial to the chemical 
composition of the atmosphere. The way to our understanding of atmospheric chemistry passes 
through our sound knowledge of the air – water interface – its microscopic architecture, chemical 
composition and physical characteristics. Though this fact itself gives enough reason as to why 
surface scientists have been, and still are, spending a great deal of time and effort on studying the 
air – water interface, the involvement of fluid interfaces and the relevant interfacial phenomena in a 
wide range of modern industrial processes is another incentive for the researchers in this field of 
science to continue with their work. The industrial exploitation of fluid interfaces usually requires 
the controlled modification of interfacial properties, chemically and/or physically.  
Among the chemical modifiers, surfactants are probably the most popular and widely-used 
class of substances. The surfactants market is projected to reach 23 million tonnes in terms of 
consumption, and $40 billion in terms of value, with an annual growth rate of 5.4% by 2021.1 
Currently, the Asia – Pacific region dominates the global surfactants market (37%) and is also 
anticipated to have the highest consumption growth rate during the next five years. Today, 
surfactants are applied as foaming and wetting agents, lubricants, emulsifiers, dispersants, and 
model cell membranes in a wide range of industries and scientific research projects including but 
not limited to detergents and cleaners, cosmetics and personal care products, textiles and fibres, 
leather and furs, paints, lacquers, and other coating products, paper and cellulose products, mining 
and ore flotation, metal-processing, plant protection and pest control, foods and food packaging, 
oilfield chemicals and petroleum production, plastics, composite materials, and other chemical 
industries as well as  in pharmaceuticals, medical and biochemical research, and some Hi-Tech 
areas such as electronics (Myers, 2006). It is therefore of great importance from the industrial and 
technological point of view that interfacial surfactant layers are investigated thoroughly. This could 
help to understand surfactant adsorption and performance mechanisms as well as the microscopic 
structure of their interfacial adsorption layers. Furthermore, it has been one of the key questions in 
surfactant science as to whether the molecular structure of surfactants has any relationship with 
their performance and the adsorption layer structure (Esumi et al., 2003). Such valuable information 
                                                
1 http://www.marketsandmarkets.com/PressReleases/surfactants.asp 
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would practically lead to the design and modification of new surfactant systems with the desired 
interfacial performance for various applications.     
Apart from surfactants, inorganic salts are the most abundant naturally-occurring chemicals 
in water resources, i.e. oceans, salt lakes, and underground waters. The growing shortage of fresh 
water resources is already alarming more than just industry and urging to seek new sources of 
process water. Of the available options, sea water seems to be the most convenient and economical 
one. However, the use of sea water would presumably require the redesign of some industrial 
processes. The presence of salts is known to significantly alter the interfacial properties of water as 
well as the aggregation behaviour and interfacial performance of ionic surfactants. Two well-known 
examples are the inhibiting effect of inorganic salts on bubble coalescence in water (Sutherland et 
al., 1955) and the defoaming effect of some hard ions on soaps (Rosen, 2004). Such alterations can 
completely change the physicochemical properties of water and surfactant solutions, even rendering 
them inefficient for industrial applications. On the other hand, the tropospheric halogen gasses are 
thought to be generated from the chemical and photochemical reactions taking place between the 
halogen ions, e.g. Br
-
 and Cl
-
, present at the sea surface (Finlayson-Pitts, 2003). Therefore, the salt 
water surface has been intensively researched by not only the colloid and surface scientists but also 
by the atmospheric and marine chemists, during the last few decades.  
With this regard, a great deal of effort has been, and is still being, put into the study of the 
surfaces of water and salt/surfactant solutions. The final aim of these studies is to provide a detailed 
macroscopic/microscopic picture of fluid interfaces in the absence or presence of other adsorbed 
chemicals that will help surface scientists explain the interfacial performance and the adsorption 
mechanisms of chemical species, the physical and chemical interaction of bulk phases through 
interfaces, and many other interfacial phenomena with the prospect of industrial and technological 
applications.  
1.2. Approaches to the study of interfaces: the pros and cons 
As technology advances, surface scientists enjoy access to an expanded toolbox of various 
research techniques from traditional thermodynamic approaches to the state-of-the-art experimental 
and computational methods. This brings about the possibility of complementing the theoretically-
calculated data with the information from computer simulations and experimental measurements in 
order to obtain a detailed picture of the interfacial region. The traditional methodology of studying 
interfaces was majorly based on a combination of some macroscopic measurements, e.g. 
tensiometry, and the classical thermodynamic and kinetic models describing the interfaces and 
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interfacial phenomena. The attempts to develop the experimental techniques to study the 
macroscopic properties of fluid interfaces and adsorption layers mainly began in the second half of 
the 19th century. To name just a few, the du Noüy ring method (du Noüy, 1919), the Wilhelmy plate 
method (Wilhelmy, 1863), the drop weight method (Tate, 1864) and the pendant drop method 
(Andreas et al., 1937) were among the popular techniques for studying such macroscopic properties. 
In order to analyse the experimental data, numerous classical models were consequently developed, 
especially after the formulation of the thermodynamics of interfaces by Josiah Willard Gibbs 
(Bumstead et al., 1928). These models provide a mathematical definition of interface and adsorption 
process and are still being widely used by the community in order to extract thermodynamic and 
kinetic information about the adsorption layers and the physical properties of various interfaces. 
This methodology is based on matching the predictions of these models against the obtained 
experimental data. The extracted fitting parameters generally hold valuable information about the 
equilibrium adsorption constants and the surface excess of surfactants, the interactions between the 
adsorbed molecules, kinetics of surfactant adsorption and the rheological characteristics of 
adsorption layers and interfaces. These parameters are key to the performance assessment of 
surfactant systems and elucidation of the macroscopic behaviour of interfaces and interfacial 
phenomena. In spite of its successful application to many interfaces and surfactant systems, the 
traditional approach, however, has some fundamental shortcomings: 
• Assumptions are usually made when deriving the mathematical models in order to simplify 
the calculations. Each model is therefore based on a series of assumptions. Different models 
might be applied by various groups to describe a certain system like a surfactant solution. It 
is, however, questionable how one can make sure that the system of study meets the assumed 
criteria of a certain model. The result is the variation of fitting values from model to model. 
For instance, the adsorption parameters of a surfactant solution can be determined by fitting 
its surface tension to either the Langmuir or the Frumkin isotherm. While the former neglects 
the intermolecular interactions, the latter accounts for them. The selection of either of these 
isotherms would actually be rather hypothetical and would give different values for the 
adsorption parameters. Which set of the adsorption parameters would reflect the real 
properties of the system? The traditional fitting approach, therefore, holds a significant deal 
of uncertainty.   
• A good fit does not necessarily mean the suitability of a certain model for a certain system. 
Most adsorption isotherms have three or even more fitting parameters which are believed to 
reduce their accuracy (Ivanov et al., 2006). Indeed, the bigger the number of fitting 
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parameters, the higher the chances of getting a good fit. This, however, should not be 
interpreted as satisfying all assumptions of a certain model nor as the absolute validity of a 
theoretical model.  
• Neither the mathematical models nor the macroscopic measurements are capable of 
supplying information about the microscopic structure of interfaces. Thus, the molecular 
origins of many interfacial phenomena, such as surface tension increase in electrolyte 
solutions (Heydweiller, 1910), specific effect of ions on surfactant adsorption and 
micellization (Ivanov et al., 2011; Para et al., 2006), bubble coalescence (Craig, 2004), 
surface potential of salt solutions (Jarvis et al., 1968), the self defoaming effect of surface-
active alcohols (Tuinier et al., 1996), and the Jones-Ray effect (Jones et al., 1937), can hardly 
be understood by traditional means.  
The above shortcomings were partly overcome by the later development of computational 
methods. Computer simulations are unique in providing both thermodynamic and molecular-level 
information about interfaces and the interfacial adsorption of various species. They have already 
proved very helpful in explaining the molecular origins of some interfacial phenomena such as ion 
specificity (Jungwirth et al., 2001), although they are now causing new controversies in some cases. 
For example, the surface of electrolyte solutions was traditionally believed to be devoid of ions 
(Onsager et al., 1934) until the recent molecular dynamic simulations revealed the surface 
propensity of some ions (Jungwirth et al., 2002). This shows how computational methods could 
complement or correct the traditional approach. However, like any other method, computer 
simulations also have their own pros and cons. Their main defect is the absolute dependency of 
computational accuracy on how the simulation parameters are set up. As an example, there are 
several models for neat water that reproduce the water surface tension with acceptable accuracy. 
Factors such as the force filed employed, the size of the simulated system and the cut off ranges can 
significantly influence simulation outcomes. This should not, however, devaluate the undeniable 
contribution of the computational methods to our understanding of interfaces at the microscopic 
scale.    
Thankfully, the advent of surface-sensitive techniques has provided surface scientists with 
additional experimental tools. Unlike the traditional experimental techniques, these modern tools 
are capable of investigating different interfaces at molecular resolution. To name a few, the 
radiotracer method (Dixon et al., 1949; Aniansson et al., 1950;, Nilsson, 1957; Matuura et al., 
1959), ellipsometry (Mang et al., 1980), X-ray and neutron reflectivity (Lu et al., 2000; Thomas et 
al., 2015), ion scattering spectroscopy (Andersson et al., 2014) and non-linear optical techniques, 
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i.e. second harmonic generation (SHG) spectroscopy (Corn et al., 1994) and sum frequency 
generation (SFG) spectroscopy (Richmond, 2002) have already been used to determine the 
interfacial distribution and structure of the adsorption layers of surfactants and inorganic ions. Non-
linear optical methods are the most recent advancement in the field with a variety of new techniques 
developed for various purposes such as phase-sensitive SFG, time-resolved SFG, chiral SFG, and 
two-dimensional SFG spectroscopy. The last two decades have witnessed the growing application 
of SFG spectroscopy in a vast variety of studies including protein folding, adsorption, orientation 
and interfacial order of surfactants and other organic molecules, interfacial hydrogen-bonding 
network of water, and the specific adsorption of ions at fluid interfaces. SFG spectroscopy is 
capable of detecting the vibrations of only the molecules located at the few topmost layers of an 
interface, making it one of the best available tools to study the microscopic structure of fluid 
interfaces. It is also used to investigate the dynamics of molecules at interfaces (Kubota et al., 
2007). However, it provides scarcely any thermodynamic information about the adsorption of 
species, e.g. surface excess or adsorption constants. It would, therefore, be better to complement it 
with traditional approaches and computational methods to provide a complete pack of information 
about the systems under study. This is the current trend within the community to which the present 
work aims to contribute.        
1.3. Gaps in knowledge and research objectives  
As per the discussion in the previous sections, computer simulations and new surface-
sensitive techniques have revealed some inconsistencies with the assumptions/predictions of the 
traditional surface study approaches, some of which are within the scope of this thesis and comprise 
the content of different chapters. 
• Gibbs convention models air – liquid interfaces in the form of an ideally sharp dividing plane 
(Bumstead et al., 1928). The surfactant adsorption layer is consequently treated as an 
adsorbed monolayer of surfactants. This common view has also been adopted by the 
community when applying the other models such as the Langmuir isotherm to many 
surfactant solutions. Nonetheless, recent studies have demonstrated strong evidence for the 
existence of multilayers at air/liquid interfaces (Thomas et al., 2015). The monolayer 
adsorption assumption has recently caused an argument about the applicability of the Gibbs 
isotherm to the analysis of surface tension data (Menger et al., 2009). Although surface-
sensitive techniques such as the radiotracer method (Menger et al., 2011) and neutron 
reflectivity (Li et al., 2013, Xu et al., 2013) were employed to address this controversy, the 
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argument of monolayer-multilayer adsorption needs further clarification using a combination 
of methods. 
• Although surfactant multi-layering has been, and is still being, evidenced by the community, 
an appropriate investigation into the effect of such interfacial architecture on the rheological 
characteristics of fluid interfaces has been barely undertaken so far.      
• Additionally, there are theoretical predictions (Ivanov et al., 2006) and experimental 
evidence (Andersson et al., 2014) that even within an adsorption monolayer, surfactants tend 
to form a concentration profile across the interfacial region rather than the assumed sharp 
layer of surfactants adsorbed uniformly in the stern layer. There is however neither a 
theoretical treatment of such an interfacial distribution nor an anticipation of how this might 
influence the thermodynamics of surfactant adsorption at different fluid interfaces.  
• The specific adsorption of ions at the water surface and their effects on surfactant adsorption 
have probably constituted one the most controversial topics in the field. An ion-depleted 
image of the water surface proposed by the traditional theory has been seriously challenged 
by the experimentalists and computational chemists. Consistency between experimental 
observations and the theory is necessary. Experiments can track the interfacial distribution of 
ions, while the explanation of this distribution is the task of theory. Furthermore, there is a 
lack of experimental information about how the specific adsorption of ions at the water 
surface can affect, or be affected by, the adsorption of surfactants. Our current knowledge of 
this topic is largely limited to predictions of theoretical models. Therefore, ion-surfactant-
water interactions still need further investigation in order to explain and resolve the existing 
inconsistencies.   
In general, the present work aims to scrutinize the interfacial structure and adsorption of 
some industrial surface-active alcohols and surfactants at the air – water interface. Also, the specific 
adsorption of salts at the water surface and its effect on the adsorption layers of alcohols will be 
studied. Our methodology combines classical adsorption modelling with surface-sensitive SFG 
spectroscopy and a range of traditional macroscopic measurements including tensiometry, micro-
interferometry, thin film pressure balance and thin film rheology measurements in order to produce 
a comprehensive pack of information at both macroscopic and microscopic levels. Using this pack 
of information, the present work specifically tries to: 
• identify the formation of under-monolayer adsorption layers at the surfaces of alcohol 
solutions; 
CHAPTER 1. Introduction 
 
8 
 
• evaluate the potential contribution of under-monolayer adsorption to the recent argument 
about the applicability of the Gibbs isotherm to analyse surface tension data;  
• characterise the effect of under-monolayer adsorption on the dynamic behaviour and 
rheological characteristics of fluid interfaces; 
• investigate the efficiency of SFG spectroscopy in evaluating the validity and applicability of 
the monolayer-based adsorption models in the studied alcohol solutions; 
• provide a mathematical description for immersion of the adsorbed ionic surfactants into the 
deeper layers of water surface and its effect on the thermodynamic parameters of adsorption;  
• study the specific adsorption of monovalent cations at the water surface in the absence and 
presence of alcohols; 
• explain the mechanism of the specific effect of cations on the hydrogen-bonding network and 
the SFG response of the interfacial water molecules.  
1.4. Organisation of the thesis 
To effectively address the abovementioned gaps and objectives, the chapters of this thesis 
have been organised based on four separate papers, already published in international peer-reviewed 
journals. The discussed research objectives have all been addressed in these papers/chapters in 
detail. Also, a brief introduction to each topic has been provided in the corresponding chapters, in 
addition to this introductory chapter (i.e. Chapter 1). Chapter 2 provides a comprehensive review of 
the classical adsorption isotherms and different conventions, the traditional views and the recent 
findings about the surfaces of electrolyte and surfactant solutions as well as the ion specific effect. 
In Chapter 3, a brief introduction to the theory of sum frequency generation spectroscopy and its 
applications to different systems is presented.  Chapter 4 discusses the different experimental 
techniques and setups employed in this thesis. In Chapter 5, SFG spectroscopy is combined with the 
traditional tensiometry to reveal that under-monolayer adsorption can happen in a high 
concentration of methyl isobutyl carbinol (MIBC) solutions. The applicability of the Gibbs isotherm 
to the analysis of the surface tension data is also discussed with regard to the recent arguments 
about the Gibbs paradox. Under-monolayer adsorption and its effects on the foamability and 
rheological characteristics of water surface are further studied; and this is also done for two other 
alcohols, n-heptanol and n-hexanol, in Chapter 6. The immersion of ionic surfactants from their 
adsorbed layers into the subsurface, is mathematically treated in Chapter 7. Chapter 8 is dedicated 
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to our study of the ion specific adsorption of monovalent cations and its effect on the adsorbed 
layers of MIBC alcohol. In Chapter 9, a general conclusion about the findings of this thesis is made, 
and few potential research topics are recommended for future studies.  
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2.1. Introduction 
The interfacial performance of surfactants is mainly measured by three parameters; their 
adsorption efficiency, pC20 – the minimum concentration of a surfactant needed to lower its solution 
surface tension by 20 mN.m-1 – their effectiveness – the maximum amount of surface tension 
decrease they can produce – and their critical micellization concentration, CMC (Rosen, 2004). 
These parameters are visually obtainable from the surface tension plots. Further thermodynamic and 
kinetic data about surfactant adsorption, e.g. surface excess, are not quantifiable unless the 
relationship between these parameters and the solution surface tension is already known. Such 
relationships are called “adsorption models”. An adsorption model is the mathematical relationship 
of the measurable variables such as solution surface tension and surfactant bulk activity 
(concentration) with surfactant surface excess (or coverage). The first step in deriving an adsorption 
model is to provide a definition of the interfacial region. Two major conventions exist in the 
literature: the Gibbs and Guggenheim conventions. This chapter, therefore, begins with a brief 
description of both conventions and the most popular adsorption models available in the literature. 
The assumptions and shortcomings of these classical models are discussed and challenged by the 
most recent findings in relation to the microscopic structure of adsorption layers. Then, the specific 
effect of ions and its incorporation into the adsorption models of ionic surfactants is presented. This 
is followed by the most recent discoveries about the interfacial distribution of ions in a salt solution 
using computational and surface-sensitive experimental methods.    
2.2. Gibbs model of fluid – liquid interfaces and adsorption isotherm 
The dogmatic Gibbs model of fluid – liquid interfaces was formulated by Josiah Willard 
Gibbs in 1878 (Bumstead et al., 1928) and has been since employed to calculate hundreds of 
thousands of surface excess values. In the Gibbs convention, the interface between two bulk phases, 
α and β, is geometrically defined as an ideally sharp two-dimensional layer of zero volume 
( 0V σ = ), named “Gibbs Dividing Surface” (Fig. 2.1). The total volume of the system, therefore, 
becomes (Butt et al., 2003):  
V V Vα β= +                                                                                                                                     (2.1) 
The total number of component i, iN , with a bulk concentration of i i ic N V= , is then given by: 
i i i i i iN N c V c V
σ α α β β
= + +                                                              (2.2) 
CHAPTER 2. Literature Review  
 
14 
 
 
 
 
Figure 2.1. Geometrical definition of an interface, σ, between two liquid phases, α and β, as 
proposed by Gibbs and Guggenheim conventions. The illustration was reproduced from (Butt et al., 
2003). 
 
Combining Eqs. (2.1) and (2.2), the number of components “i” and solvent “sol” at Gibbs dividing 
plane is defined as: 
( )i i i i iN N c V c c Vσ α α β β= − + −                                                                                                          (2.3) 
( )sol sol sol sol solN N c V c c Vσ α α β β= − + −                                                                                                   (2.4) 
A non-realistic definition of the surface excess of a component, iΓ , at the dividing plane has 
been given in some sources (Butt et al., 2003, Mitropoulos, 2008) as: 
i
i
N
A
σ
σΓ =                                                                                                                                         (2.5) 
where A is the area of the dividing plane. For a fluid – liquid interface where the density gradually 
varies from the bulk value of one phase to that of the other phase, a more realistic definition of the 
surface excess would be “the difference between the amount of a component actually present in the 
system, and that which would be present in a reference system if the bulk concentration in the 
adjoining phases were maintained up to a chosen geometrical dividing surface; i.e. as though the 
interface had no effect” (Mitropoulos, 2008). The mathematical illustration of this definition 
becomes:  
( )( ) refi i ic z c dz
+∞
−∞
Γ = −                                                                                                                      (2.6) 
With either definition, it is evident from Fig. 2.2 that the surface excess can adopt zero, positive, or 
negative values, depending on the location of the dividing plane. Where should we put the dividing 
plane? To resolve this issue, we return to Eqs. (2.3) and (2.4), where V β is the only location– 
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Figure 2.2. Density profile at a fluid – liquid interface and the definition of the surface excess. The 
illustration was reproduced from (Butt et al., 2003).   
 
dependent parameter. By multiplying Eq. (2.4) by ( ) ( )i i sol solc c c cα β α β− − and then subtracting it from 
Eq. (2.3), one obtains: 
( )i i i ii sol i i sol sol
sol sol sol sol
c c c cN N N c V N c V
c c c c
α β α β
σ σ α α
α β α β
− −
− = − − −
− −
  (2.7) 
Dividing both sides of Eq. (2.7) by the area of the dividing plane, A, and using Eq. (2.5), the relative 
adsorption of component i with respect to the solvent, ( )soliΓ , is given by (Butt et al., 2003): 
( )sol i i
i i sol
sol sol
c c
c c
α β
σ σ
α β
−Γ ≡ Γ −Γ
−
                                                                                                               (2.8) 
It is conventionally accepted that the dividing surface is placed in the middle of the interfacial 
region (top panel in Fig. 2.2) such that the surface excess of the solvent becomes zero ( 0sol
σΓ = ). 
From Eq. (2.8), one will have: 
( )sol
i i
σΓ = Γ                                                                                                                                        (2.9) 
i
σΓ can be determined experimentally through the application of Gibbs Adsorption Isotherm (GAI) 
to the solution surface tension data. The thermodynamic procedure to derive GAI is as follows 
(Adamson et al., 1997). Any small reversible change in the total internal energy, U, of a two-phase 
system (left panel in Fig. 2.1) has contributions from both bulk phases as well as the interface: 
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i i
i i i i
dU dU dU dU
TdS P dV dN TdS P dV
dN TdS P dV dN dA
α β σ
α α α α α β β β
β β σ σ σ σ σ
μ
μ μ γ
= + +
= − + + −
+ + − + +

 
   (2.10) 
where S, P, T, V, μ and γ denote entropy, pressure, temperature, volume, chemical potential and 
interfacial tension of the system, respectively. The contribution of the interface to dU is:  
i idU TdS P dV dN dA
σ σ σ σ σ σμ γ= − + +                                       (2.11) 
According to the definition of Gibbs dividing plane, a surface is an ideal plane of zero volume, i.e. 
0dV σ = . Thus: 
i idU TdS dN dA
σ σ σ σμ γ= + +                                                   (2.12) 
On the other hand, the internal energy of an interfacial plane is generally described as: 
i iU TS N A
σ σ σμ γ= + +                                             (2.13) 
Differentiation of Eq. (2.13) gives: 
i i i idU TdS S dT dN N d dA Ad
σσ σ σ σμ μ γ γ= + + + + +    (2.14) 
By equating Eqs. (2.12) and (2.14), one obtains: 
0i iS dT Ad N d
σ σγ μ+ + =                                                                                                         (2.15) 
At constant temperature (dT = 0 K) and in combination with Eq. (2.5), the general form of the GAI 
is obtained: 
i id dγ μ= − Γ                                                                                                                             (2.16) 
For a two-component system of water and a nonionic surfactant, Eq. (2.16) is expanded to: 
w w surf surfd d dγ μ μ= −Γ −Γ                                                 (2.17) 
Since the Gibbs dividing plane is located such that wΓ  becomes zero, the relative surface excess of 
surfactant with respect to water, wsurfΓ , is given by: 
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w
surf surfd dγ μ= −Γ                                                                         (2.18) 
The chemical potential of a surfactant in bulk solution is defined as: 
0 .lnbulksurf surf RT aμ μ= +                                                                                                                    (2.19) 
where R (= 8.314 J.mol-1.K-1) is the global gas constant. In equilibrium, the chemical potentials of 
surfactants in bulk and at the interface are equal. Thus, differentiation of Eq.  (2.19) gives: 
(ln )surfd RTd aμ =                                                                                                                         (2.20) 
By substituting Eq. (2.20) into Eq. (2.18) and considering that wsurf surfΓ = Γ (according to Eq. (2.9)), 
the Gibbs adsorption isotherm is obtained:   
1
lnsurf T
d
RT d a
γ Γ = − ×                                                                                                                  (2.21) 
For dilute surfactant solutions, the activity can be replaced by the bulk surfactant concentration. By 
plotting the surface tension of the solution versus the logarithm of surfactant concentration, we can 
obtain ( )lnd d aγ
 
value from the slope of the surface tension plot at any given concentration. 
Then, the slope is put into GAI to calculate the surface excess of surfactant at that bulk 
concentration.  
2.3. Arguments about the validity of GAI  
Gibbs’ notion of the dividing plane is an idealized model proposed to simplify the 
mathematical treatment of the interface and is considered by some people as aphysical, causing 
some concerns about its accuracy in analysing surface tension data. The attempts to verify GAI 
have resulted in either refuting or supporting findings. The “moving bubble method” introduced by 
Donnan and Barker produced much greater surface excess values than those calculated by GAI 
(Donnan et al., 1911). McBain and co-workers later discussed whether the dynamic conditions at 
the bubble surface might not satisfy the equilibrium adsorption requirement of GAI. They tried to 
skim off a thin layer of the solution surface using a device called “microtome”. Their results agreed 
quite closely with the predictions of GAI within the experimental errors (McBain et al., 1936, 
McBain et al., 1931). Observation of GAI failure in solutions of colloidal electrolytes, e.g. paraffin-
chain salts and dyestuffs, raised concerns that GAI may fail or succeed depending on the intrinsic 
physicochemical characteristics of systems (Alexander, 1942). For example, De Feijter and 
Benjamins measured the adsorption of a copolymer at the air – water interface using a combination 
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of ellipsometry and tensiometry. Comparing their experimental results with GAI results, they found 
that GAI strongly overestimated the surface excess of the polymer. They concluded that this 
discrepancy originated form the fact that polymer solutions are not homogenous (De Feijter et al., 
1981).  
In spite of its sound thermodynamic basis, the ambiguities in the physical meaning of the 
concepts used by Gibbs have led to additional interpretations by others (Alberty, 1995; Ikeda, 1982; 
Mitropoulos, 2008) and raised conflict of ideas between various groups, examples of which are the 
disagreement between Good (Good, 1976, 1982a, b) and Motomura (Motomura, 1986) and that of 
Fainerman and Miller (Fainerman et al., 2002b, 2000) with Aratono et. al. (Aratono et al., 2002). 
Radke believed that these controversies originated from the “difference in defining precisely the 
meaning of adsorbed amounts” and the ambiguity arising from the notion of the zero-volume 
dividing plane (Radke, 2014). Hansen (Hansen, 1962) and Guggenheim (Guggenheim, 1967) 
alternatively suggested the concept of “surface phase” which will be briefly explained in the 
following section. Tajima et al. directly measured the adsorption of tritiated sodium dodecylsulfate 
(SDS) using the radiotracer method to find good agreement with the prediction of GAI. However, 
the surface was determined to become saturated about 3 mM which is well below the CMC of SDS 
(~8 mM), as shown in Fig. 2.3 (Tajima et al., 1970). The latter observation has recently started 
another argument about the applicability of GAI to the analysis of surface tension data.   
Figure 2.3. Comparison of the SDS surface excess values (solid line) calculated by GAI and 
(circles) measured directly using radiotracer method. The graph was reproduced from (Tajima et al., 
1970). 
 
The shape of surface tension plots may vary from solution to solution depending on the 
adsorption behaviour. In general, a typical surface tension plot is composed of three major regions 
(Fig. 2.4); one initial plateau where surface tension decreases slightly (Region I), followed by a 
sharp surface tension decrease (Region II) and finally a plateau where surface tension levels off 
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(Region III). The beginning of Region III is traditionally considered as the CMC point where 
micelles form in the solution inhibiting the further adsorption of species at the interface. Region II 
may have either sigmoid or nearly linear shape. In order to calculate the maximum adsorption of a 
component (
∞
Γ ), the ( )lnd d cγ  ratio in GAI, i.e. Eq. (2.21), is obtained from the limiting slope of 
the Region II close to the CMC. It has been suggested that a polynomial equation can be used to 
extract the limiting slope of the sigmoid plots (Mukherjee et al., 2013). Nonetheless, it does not 
make sense from a mathematical point of view that the slope of a curve can be obtained at the point 
where the curve terminates. For nearly linear plots, the community has solved this problem by 
simply calculating the linear slope of the lower part of Region II. The linearity of Region II implies 
that GAI should produce a single value for the surface excess, which in turn means that the solution 
surface should have become saturated throughout the linear part of Region II and down to the CMC 
(Pérez et al., 1998). This limiting value of the surface excess was considered as the “saturation 
adsorption” (van Voorst Vader, 1960). The abrupt transition range from the sparsely-saturated 
surface in Region I to the fully-saturated monolayer in Region II was identified as the “critical 
monolayer concentration” above which the saturation adsorption is reached (Menger et al., 2005). 
Indeed, without accepting full surface saturation throughout the linear part, the assignment of a 
single value to the surface excess seems unreasonable.  
Figure 2.4. A schematic illustration of the typical surface tension plots with () sigmoid and () 
non-sigmoid linear shapes. 
  
Although this interpretation mathematically satisfies the requirements of GAI, it bears 
hardly any physical meaning. It was questioned as to why the micellization delays after surface 
saturation only happen at CMC (Mukherjee et al., 2013) and “why the surface tension remains 
unaltered in Region I only to decline precipitously once saturation at the air – water interface is 
already reached in the linear part of Region II” (Menger et al., 2009). Menger found it strange that 
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“the surface tension responds far more sensitively at concentrations exceeding saturation than it 
does while the interface is in the process of becoming saturated” (Menger et al., 2009). It is worth 
mentioning that this precipitous decline of surface tension is attributed by the classical view to the 
increase of surfactant activity (concentration) in bulk (Rosen, 2004, Laven et al., 2011). However, 
Menger found this justification “vague”. This does not explain how a surfactant molecule in bulk 
can physically affect the surface tension without directly adsorbing at the air – water interface. 
Instead, he suggested that the adsorption might obey Frumkin kinetics (Hsu et al., 1997), i.e. 
cooperative adsorption owing to the cohesive interfacial forces. On this basis, Menger claimed that 
the surface is not saturated throughout the linear part of surface tension plot, but is progressively 
filled up with surfactants and thus, “the commonplace Gibbs calculations of molecular areas are 
misdirected” (Menger et al., 2009). Menger evidenced his claims by measuring the pressure–area 
isotherms for the insoluble monolayers of some non-ionic (Menger et al., 2009) and ionic 
surfactants (Menger et al., 2010). He showed that the surface area per molecule calculated by GAI 
corresponded to zero change in surface tension, which contradicted the dramatic surface tension 
decline of 30-40 mN/m in the surface tension plots. He then concluded that, “by assuming total 
saturation throughout the linear region, the Gibbs analysis greatly overestimated the true values of 
area per molecule at full saturation” (Menger et al., 2009). His ideas were quickly refuted by some 
researchers, starting an argument within the community (Menger et al., 2011b; Laven et al., 2011; 
Bermúdez-Salguero et al., 2011). In defence, he tried to directly relate the surface coverage to the 
surface tension (Fig. 2.5) using the results of Nilsson’s radiotracer measurement results (Nilsson, 
1957) for the adsorption of the tritiated SDS solutions (Menger et al., 2011a). He assumed the 
adsorption of surfactants was cooperative and obeyed the “Frumkin adsorption model” (Hsu et al., 
1997): 
[ ]
2
0 ln(1 ) 2
RT βθγ γ θ
∞
− = Γ − −

                                                                                                   (2.22)
where 0γ  is the surface tension of neat water. θ and β  are the surface coverage and the 
cooperativity parameter, respectively. He found that the surface tension was affected only slightly at 
low coverage (<60%). Furthermore, the surface was not fully covered throughout region II but the 
coverage increased from 80% to 94% at the CMC point, that is, the surface remained unsaturated 
even at CMC. Menger believed that “the linearity of surface tension plot does not demand a 
constant surface excess. Instead, surfactant molecules are continuously packing into the interface, 
and it is this effect under high-packing conditions that accounts for the precipitous surface tension 
decline”. He finally emphasized that “the lack of saturation in the linear region is not a result of a 
problem with GAI but rather a fortuitous fit to the equation” (Menger et al., 2011a).  
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Figure 2.5. Relationship between the surface coverage and the surface tension of tritiated SDS 
solution. The graph has been reproduced from (Menger et al., 2011a). 
 
In response, Thomas et al. tried to address the controversy through the neutron reflectivity 
(NR) measurement of the surface excess. Their strategy was to identify the relation between surface 
saturation and micellization through the comparison of surface excess values obtained using both 
Gibbs and direct NR methods. There are two main restrictions on the application of Gibbs analysis 
to the surfactant solutions in which the micellization precedes the surface saturation. Firstly, the 
surface tension plot does not reach linearity before the CMC, making the limiting slope difficult to 
determine, as discussed above. Secondly, the aggregation of surfactants definitely changes their 
bulk activity to something unknown, which is no longer equal to their bulk concentration, even at 
low concentrations. In this case, the applicability of Gibbs isotherm totally depends on the 
possibility of determining the surfactant bulk activity, which is not an easy task (Li et al., 2013). 
However, for a series of nonionic surfactants, monododecyl ethylene glycol (C12En, n=2, 3, 4, 5, 6, 
8, 12), and polymers, excellent agreement between the GAI predictions and NR measurements of 
the surface excess values was found (Fig. 2.6). The surface had a coverage of 90% at CMC/2 which 
then rose to full coverage right before CMC. Therefore, the lower part of Region II was concluded 
to be almost linear, allowing for the linear fitting and successful application of GAI to nonionic 
surfactants. The area per molecule was found to be overestimated by only the acceptable amount of 
5% (Li et al., 2013). 
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Figure 2.6. The adsorption isotherm for the non-ionic surfactant (C12E3) determined by NR 
compared with GAI results (Li et al., 2013). 
 
Although the application of Gibbs analysis seemed satisfactory for nonionic surfactants, it 
gave misleading results for ionic ones. NR measurements revealed that the surface excess of ionic 
surfactants continued to increase even beyond the CMC by 20-25% for anionic (Xu et al., 2013) and 
by 12% for cationic surfactants (Li et al., 2014), showing apparently that the surface was not 
saturated at CMC. Thus the GAI analysis of the surface tension data was found to underestimate the 
adsorption values. In addition, the pre-micellization hampered the application of GAI by altering 
the bulk surfactant activity (Li et al., 2014). In summary, Thomas et al. concluded that “there are 
serious obstacles to the determination of ΓCMC for ionic surfactants using GAI. This confirmed that 
the criticism of the GAI analysis of surface tension data raised by Menger et al. applied only to all 
ionic surfactants. For nonionic surfactants, however, the limiting coverage was reached before any 
micellization started and hence GAI gave the correct results.” (Li et al., 2014).  
In sum, GAI was intelligently developed by Gibbs based on an unquestionable 
thermodynamic foundation. It nonetheless bears some ambiguities by which the community seemed 
confused over the last century. We will reflect on this issue further in Chapter 5.  
2.4. Guggenheim model of fluid – liquid interfaces 
As depicted in Fig. (2.1), Guggenheim treated the interfacial region as a separate phase with 
finite thickness, τ, and volume, V Aσ τ= . If the interface expanded slightly, the total work done on 
the interfacial phase would, therefore, be PdV dAσ γ− + (see Eq. (2.11)). The thermodynamic 
treatment of the Guggenheim convention is similar to that of the Gibbs convention. Thus, similar to 
Eq. (2.15), we should have (Guggenheim, 1967): 
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0i iS dT V dP Ad N d
σ σ σγ μ− + + =                                                                                            (2.23) 
This equation is the analogue of the Gibbs–Duhem relation, driven for the surface phase. At 
constant T and P, the interfacial tension would, therefore, change with the composition of this 
surface phase; that is, the number of component i inside the interfacial volume, V σ : 
1
i id N dA
σγ μ=                                                                           (2.24) 
Although the thermodynamic treatment by both Gibbs and Guggenheim conventions is similar and 
results in the same interpretation that interfacial tension varies with interfacial composition, the 
geometrical definition of the interface by two conventions is, however, different. According to the 
Gibbs model, all of the system components that contribute to the interfacial tension are part of the 
imaginary dividing plane. In the Guggenheim model, any component which is present within the 
interfacial volume will also contribute to the interfacial tension, regardless of the 
interfacial/adsorption geometry. By introducing the concept of surface invariants, Radke has 
discussed that both the Gibbs and Guggenheim approaches actually give identical results (Radke, 
2014). These invariants were defined as the quantities independent of the location of the diving 
plane in the Gibbs convention or of the thickness of the surface phase in the Guggenheim 
convention.  
Nevertheless, the geometry of adsorption was later shown to have a significant effect on the 
rheological characteristics of fluid interfaces when Wantke and co-workers introduced the concept 
of “surface layer” to interpret the measured dilatational effects of surfactant adsorption. This surface 
layer was proposed to consist of a monolayer and a small adjacent sublayer of a fixed thickness. 
The molecular exchange between monolayer and sublayer in a non-equilibrium state was believed 
to cause an intrinsic surface dilatational viscosity (Wantke et al., 2001). Their SHG measurements 
on the surface of an oscillating bubble provided experimental evidence for the proposed extended 
surface model (Örtegren et al., 2004). Later on, they discussed their findings in the framework of 
the Guggenheim convention (Wantke et al., 2005). As also implied by Eq. (2.24), they supposed 
that the total surface excess of component i, i
σΓ , should be the sum of its surface excess at 
monolayer, miΓ , and sublayer, 
sub
iN A :   
sub
m i
i i
N
A
σΓ = Γ +                                                                                                                              (2.25) 
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with subiN  representing the real number of component i in the sublayer region. In analogy to Eq. 
(2.8), the relative adsorption of component i with respect to the solvent (water), wiΓ , was given by: 
sub
w i
i i wsub
w
c
c
σ σΓ = Γ − Γ                                                                        (2.26) 
where subic  and 
sub
wc  represent the average concentrations of component i and water in the sublayer. 
For dilute solutions that also fulfil the relation sub subi wc c , they combined Eqs. (2.25) and (2.26) to 
obtain:  
1
lnc
w m
i i
d
RT d
γ Γ = Γ ≅ −                                                          (2.27) 
Although this relation implies that GAI can still be applicable to the systems with minimal 
sublayer adsorption, we will discuss in Chapter 6 that the dynamic characteristics of surfaces might 
be strongly affected by the presence of even minimal amounts of sublayer adsorption. In other 
words, the difference in the adsorption geometry between the Guggenheim and Gibbs conventions 
might be detectable through the rheological characteristics of the fluid interfaces. 
2.5. Other popular adsorption models  
2.5.1. Models for nonionic surfactants  
The establishment of the thermodynamics of interfaces by Gibbs paved the way for the 
development of many other adsorption models in later years. By applying the dogmatic GAI, the 
equations of state (EOS) and the adsorption isotherms (AI) were convertible to each other. An EOS 
is a mathematical relation between the surface tension and the bulk concentration of surfactant 
solutions, while an AI relates the bulk concentration to the surface excess of surfactants. Therefore, 
using a pair of EOS and AI, scientists could extract useful thermodynamic information about the 
adsorption of thousands of surfactants from their surface tension plots. There is a countless number 
of adsorption models developed for different systems (Foo et al., 2010), a few of which that have 
frequently been applied to surfactant systems are discussed in this section. We start with the 
simplest one, “Henry adsorption isotherm”, in which the molecular interactions between surfactants 
are completely neglected, and surface excess varies linearly with the bulk concentration (Danov et 
al., 1999): 
cK
∞
Γ
=
Γ
                                                                                    (2.28) 
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where c and K are surfactant bulk concentration and equilibrium adsorption constant, respectively. 
In 1908, Szyszkowski introduced his EOS, which was rapidly applied by many to the surface tension 
data of surfactant solutions (Szyszkowski, 1908):  
( )0 ln 1RT cKγ γ ∞− = Γ +                                                                                                              (2.29) 
Langmuir formulated his famous AI for the localized adsorption of gas molecules on solid 
substrates (Langmuir, 1918). However, it was widely used by the community to calculate the 
maximum adsorption of many surfactant systems:  
cK
∞
Γ
=
Γ −Γ
                                                                                                                                 (2.30) 
Langmuir AI and Szyszkowski EOS are mutually convertible through GAI. When formulating this 
AI, Langmuir assumed that:  
• The adsorbent is homogeneous. 
• The adsorption film is a monolayer. 
• Each adsorption site is occupied by only one adsorbent. 
• Both surface and bulk phases exhibit ideal behavior (e.g., no solute–solute or solute–solvent 
interactions in either phase). 
Although some surfactant solutions show Langmuir-type adsorption behaviour (Butt et al., 
2003), the interaction between hydrocarbon chains of adsorbed surfactants is expectedly so 
effective that cannot be neglected. Frumkin, in 1925, modified Langmuir AI by accounting for the 
lateral interactions of the adsorbates within an adsorption monolayer (Frumkin, 1925):   
1
cKe
cKe
βθ
βθθ
−
−
∞
Γ
= =
Γ +

                                                                                                                      (2.31) 
where θ is the surface coverage again and β , like the second viral coefficient, represents the lateral 
interactions between adsorbates within an adsorption monolayer. The larger the β is, the stronger 
the intermolecular interactions are expected to be. When the intermolecular interactions are weak, 
i.e. 0β ≈ , the Frumkin AI becomes identical with the Langmuir AI.  
For non-localized surfactant adsorption without lateral interaction between adsorbed 
surfactants, an AI was later introduced by Volmer (Volmer, 1925, Baret, 1969): 
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cK e ∞
 Γ Γ −Γ 
∞
Γ
=
Γ −Γ
                                                                                                                      (2.32) 
This isotherm was later modified by de Boer who also took the lateral interactions into account for 
the non-localized adsorption of surfactants (de Boer, 1953, Baret, 1969): 
2
RTcK e
β
∞
 Γ Γ
− Γ −Γ 
∞
Γ
=
Γ −Γ

                                                     (2.33) 
The next few decades witnessed the development of numerous adsorption models (based on a 
variety of assumptions) to describe the adsorption thermodynamics of different surfactant systems, 
among which were the Helfand-Frisch-Lebowitz (HFL) equation for freely moving hard discs on a 
fluid surface (Helfand et al., 1961), the Lucassen-Reynders thermodynamic approach (Lucassen-
Reynders, 1994, 1966), and the Gu-Zhu isotherm for non-Langmuir adsorption undergoing surface 
aggregation (Gu et al., 1992), to just name a few. Table 2.1 lists the AIs and the corresponding 
EOSs for the abovementioned adsorption models.  
 
 
 
Table 2.1. Adsorption isotherms (AIs) and equations of state (EOSs) for some of the frequently 
used adsorption models (Danov et al., 1999). 
Model  AI  EOS 
Henry 
 
cK
∞
Γ
=
Γ
 
0 RTγ γ− = Γ  
Langmuir 
 
cK
∞
Γ
=
Γ − Γ
  
0 lnRTγ γ ∞∞
∞
Γ
− = Γ
Γ − Γ
   
  
Frumkin 
 
2
expcK
RT
β
∞
Γ Γ
=
Γ − Γ
   

  
2
0 lnRTγ γ β∞∞
∞
Γ
− = Γ − Γ
Γ − Γ
   

  
Volmer  
 
expcK
∞ ∞
Γ Γ
=
Γ − Γ Γ − Γ
   
  0 RTγ γ ∞
∞
Γ
− = Γ
Γ − Γ
      
van der Waals 
 
2
expcK
RT
β
∞ ∞
Γ Γ Γ
= −
Γ − Γ Γ − Γ
   

  
2
0 RTγ γ β∞
∞
Γ
− = Γ − Γ
Γ − Γ
   

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2.5.2. Models for ionic surfactants  
After development of the electrical double layer (EDL) model from the initiatives of Gouy 
(Gouy, 1910), Chapman (Chapman, 1913), and Stern (Stern, 1924) in the early 1900s, a new wave 
of interest began to model the adsorption of ionic surfactant in the absence and presence of 
electrolytes. The approach to model the adsorption of ionic surfactants is different from that of their 
nonionic analogues. Adsorption of ionic surfactants creates an electrical potential ( dψ ) at the 
surface which increasingly influences the further adsorption of next surfactants (Fig. 2.7). 
Therefore, EDL effects must also be taken into account when developing their adsorption models. 
The majority of such models define the electrical double layer as a monolayer of surfactants 
adsorbed at the Stern layer with the counterions and co-ions distributed throughout the diffuse part 
of the EDL (Fig. 2.7). The electrical potential distribution throughout the diffuse part, dψ , was first 
related to the concentration, tc , and charge, dlQ , of the components by Gouy (Gouy, 1910): 
0 0
0
4 sinh
2
d
dl t
B
e eQ c
k T
ψ
κ
 
=   
                                                                                                           (2.34) 
where Bk  and 0κ  are the Boltzmann constant (1.380648×10
-23 J.K-1) and the concentration-
independent Debye parameter, respectively. tc  represents the total electrolyte concentration and 0e  
is the electronic charge.  
 
 
Figure 2.7. An illustration of the EDL created by the adsorption of ionic surfactants (Kralchevsky 
et al., 1999). 
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Davies was the first who used Gouy’s equation to derive an expression for the contribution 
of the diffuse layer potential, dψ  to the equation of state of a monolayer as well as to derive a 
simple adsorption isotherm for ionic surfactants (Davies et al., 1963; Davies, 1951): 
0
0
0
8 cosh 1
2
dB
t
B
ek T c
k T
ψαγ γ
κ
  
− = −    

                                                                                         (2.35) 
with α  being the minimum area per molecule in the adsorption layer. Kalinin and Radke developed 
a simple ion-binding model in which a triple layer structure for the interface was proposed; a plane 
of adsorbed surfactants (interface plane), a plane of partially dehydrated, contact-bound counterions 
(inner Helmholtz plane), and a plane of hydrated counterions (outer Helmholtz plane). Using this 
model, they derived an analytic expression for the surface tension as a function of the 
physicochemical parameters of the system. The derived EOS agreed well with the experimental 
surface tension data for sodium dodecylsulfate (SDS) solutions (Kalinin et al., 1996). Kralchevsky 
and co-workers also employed the ion-binding model (Fig. 2.7) to develop a series of adsorption 
isotherms for both surfactants and counterions in order to explain the effect of counterion binding 
on the surface tension and the surface potential of ionic surfactant solutions. They then extended 
these equations to the mixtures of ionic-nonionic surfactants as well as to electrolytes of various 
valency (Kralchevsky et al., 1999).  
Alternatively, Warszynski et al. proposed penetration of counterions into the plane of the 
adsorption monolayer (Fig. 2.8) in order to model the equilibrium surface tension of SDS solutions 
in the presence of various monovalent counterions. They observed that the surface activity of the 
surfactant significantly increased with the decreasing hydrated size of the counterion. They thus 
explicitly accounted for the specific adsorption of the counterions and determined the limiting area 
per surfactant molecule in the presence of various counterions which showed good agreement with 
those measured by neutron scattering (Warszynski et al., 2002; P. Warszynski et al., 1998; Para et 
al., 2005). The counterion penetration model was also used by Ivanov et al. in combination with 
Gouy’s equation and the Borwankar – Wasan concept of subsurface concentration (Borwankar et 
al., 1988) to modify some frequently used EOSs and AIs for the purpose of application to ionic 
surfactant solutions. As for the modified Frumkin and van der Waals EOSs, he obtained Eq. (2.36) 
and Eq. (2.37), respectively (Ivanov et al., 2006):  
( )
2
0 3ln 1 2
βθγ γ θ− = − − −                                                                                                             (2.36) 
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( )
2
0 2 ln 11 2
θ βθγ γ θ
θ
− = − − −
−

                                                                                                  (2.37) 
 
 
Figure 2.8. Model of the adsorption of ionic surfactants at the air – water interface, and accounting 
for the penetration of counterions into the adsorption monolayer (Warszynski et al., 2002).  
 
Although the derived expressions satisfactorily matched the experimental surface tension 
data, further analysis of the adsorption parameters suggested the existence of an additional surface 
potential generated by the second plane of surfactant ionic heads which, in turn, was created by the 
partial immersion of surfactant hydrocarbon chains within the adsorption monolayer. The authors 
then suggested a potential modification of the theory of diffuse layer and their derived models by 
accounting for surfactant immersion (Ivanov et al., 2006). In the abovementioned adsorption 
models, the distribution of ions in the diffuse part of the EDL is treated through their Boltzmann 
distribution in the electric field of the adsorbed surfactants, in line with the Gouy-chapman theory. 
Some alternative thermodynamic approaches have also been employed by different groups, all 
satisfactorily reproducing the adsorption parameters for ionic surfactant solutions (Gurkov et al., 
2005; Fainerman et al., 2002a; Lucassen-Reynders, 1966).  
Obviously, the majority of the models discussed in Section 2.5 share the same adsorption 
geometry, i.e. an ideally sharp monolayer of adsorbed surfactant heads. This assumption simplifies 
the solution of the Poisson-Boltzmann equation in the case of ionic surfactants, since the plane 
surface is assumed to be uniformly charged; that is, the charge discreetness is neglected. Regardless 
of surfactant type, the monolayer adsorption assumption does not seem to be satisfiable in solutions 
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of soluble surfactants. Most of the monolayer-based adsorption models have been derived for solid-
liquid interfaces, e.g. the Langmuir isotherm, where the interface is sharp enough to meet this 
criterion. However, some surface-sensitive techniques and computer simulations have shown that 
surfactants and other surface active species tend to form a concentration depth profile at fluid 
interfaces. Such an interfacial distribution is thermodynamically justifiable and will be addressed in 
Chapter 7, where the effect of surfactant immersion on their adsorption thermodynamics will be 
discussed. Furthermore, the adsorption models for ionic surfactants included in this section only 
account for the electrostatic interactions within the EDL, and therefore, are incapable of explaining 
the ion specific effects on surfactant adsorption. This topic will be briefly covered in Section 2.7 of 
this chapter. 
 
2.6. Recent observations of surfactant distribution at fluid – liquid interfaces 
As discussed in Chapter 1, the recent advancements in surface-sensitive experimental and 
computational methods have now enabled us to look into the interfacial region at molecular 
resolution. The outcome of doing this has proved helpful in evaluating the accuracy of the 
traditional approaches and the classical adsorption models. The examples provided in Section 2.3 
obviously showed how the direct measurements of surfactant adsorption assisted scientists in 
evaluating GAI. In addition, some recent attempts to reveal the geometry of adsorption have 
seriously challenged the hypothesized monolayer adsorption for soluble surface-active species, as 
assumed by most of the classical adsorption models. Neutral impact collision ion scattering 
spectroscopy (NICISS) is a vacuum-based spectroscopic method which is capable of measuring the 
concentration depth profile (CDP) of surface-active species at fluid interfaces. Using this technique, 
Wang and Morgner measured the CDP of Sodium and Cesium dodecylsulfate at their formamide 
solution surfaces. Fig. 2.9 demonstrates the gathered profiles for the solvent and the surfactant. 
While the width of the interfacial region for pure formamide is about 30 Å, the surfactant has 
adopted a broad distribution of about 50 Å across the interfacial region, in contrast to an ideally-
sharp adsorption monolayer. They also found that the counterions had a profound effect on the 
adsorption behaviour of ionic surfactants because of the difference in their size and hydrophobicity 
(Wang et al., 2009).     
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Figure 2.9. Concentration depth profiles measured using the NICISS technique for (a) the solvent 
(formamide) and (b) dodecylsulfate ion (DS-). The vertical line in panel (a) shows the location of 
the Gibbs dividing plane. The shadowed area in panel (b) represents the surface excess of the 
surfactant (Wang et al., 2009). 
 
Later on, they employed another surface-sensitive technique called angle resolved X-ray 
photoelectron spectroscopy (ARXPS) to measure the CDP, and then, the surface excess of a 
cationic surfactant, tetrabutylammonium iodide (TBAI), dissolved in formamide. The comparison 
of their results with NICISS measurements revealed good agreement, suggesting the possible 
extension of the applicable range of ARXPS in investigating solution surfaces (Wang et al., 2011). 
Again, the cationic surfactant exhibited a broad CDP of about 30 Å across the interface rather than a 
sharp monolayer adsorption geometry (Fig. 2.10).   
Figure 2.10. Concentration depth profiles measured using the ARXPS technique for (left) the 
solvent (formamide) and (right) ( ) +3 4CH N cation. The vertical lines at 0z  show the location of the 
Gibbs dividing plane. The shadowed areas give the surface excesses of the solvent and the 
surfactant (Wang et al., 2011). 
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NICISS was further modified and employed to measure the CDP of a conventional cationic 
surfactant, hexadecyltrimethylammonium bromide (CTAB), dissolved in glycerol (Ridings et al., 
2010). The measurements were performed at the surfaces of both the bulk solution and foam films. 
Not only were relatively broad CDPs gathered at both surfaces, but the interfacial charge separation 
was found to be greater at foam film surface than at bulk solution surface, implying a greater 
stabilizing effect of electrostatic forces on thin foam films (Fig. 2.11).   
 
Figure 2.11. Concentration depth profiles of hexadecyltrimethylammonium cation and bromide 
anion measured using the NICISS technique at the surfaces of foam film and bulk solution. Zero 
depth marks the onset of the surface, with positive depth values indicating the direction toward bulk 
(Ridings et al., 2010). 
Similar observations of the surfactant distribution at fluid – liquid interfaces have also been 
evidenced using neutron and X-ray reflectivity measurements (Lu et al., 2000).  Fig. 2.12 illustrates 
the Gaussian distribution of the adsorbed layer of cationic CTAB surfactant across the surface of its 
aqueous solution (Lu et al., 1996), which is clearly in good agreement with the NICISS results 
shown in Fig. 2.11 The shape of CDP has been found to be affected by factors such as the surfactant 
chain length and head type, type of the interface, i.e. oil-water or air-water, and chemical 
composition of the adsorption layer (Lu et al., 2000; Lu et al., 1995; Lu et al., 1998). In addition, 
these techniques have been capable of detecting the multilayer adsorption of some surfactants in the 
form of lamellar (Thomas et al., 2015) and micellar layers (Lu et al., 1993) lying beneath the 
solution surface (Fig. 2.13). The formation of such multilayer structures had widely been dismissed 
by the classical adsorption models. 
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Figure 2.12. Number density distribution of (I) water, (II) the head and (III) the chain of CTAB 
adsorption layer at its CMC. The reference position has been chosen to be at the centre of the head 
distribution (Lu et al., 1996). The dashed lines show the MD simulation results (Boecker et al., 
1992). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13. Schematic drawing of multilayer structures and the corresponding (a) NR profile in 
null reflecting water, (b) NR profile in D2O and (c) X-ray profile in water calculated for SDS 
(Thomas et al., 2015). 
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Molecular dynamics (MD) simulations have been another useful tool for studying the 
microscopic structure of interfaces and adsorption layers. Brickmann and co-workers analyzed the 
structure of the interface by simulating the adsorption layer of hexadecyltrimethylammonium 
chloride (CTAC). As shown in Fig. 2.12, the obtained interfacial concentration profile of the 
surfactant exhibited excellent agreement with the experimental results from NR and X-ray 
measurements (Boecker et al., 1992). The MD simulation study of the adsorption of conventional 
surfactants and surface-active alcohols has revealed a clear difference between the immersion 
behaviour of these compounds (Abrankó-Rideg et al., 2013). Unlike for alcohols, ionic surfactants 
were found to be immersed several layers deep into the aqueous phase – probably because of the 
favorable full hydration of the ionic head (Fig. 2.14). This immersion is also believed to 
significantly affect the lateral  (two-dimensional) diffusion of surfactants at the air – water interface 
(Kang et al., 2000).   
 
 
 
Figure 2.14. Instantaneous equilibrium snapshots of the surface region of the aqueous solutions of 
octanol (OA) and SDS at low (1 μmol.m-2) and full (4 μmol.m-2) surface coverages (Abrankó-Rideg 
et al., 2013). 
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All this experimental and computational evidence confirms once again that the surfactant 
adsorption layers actually adopt a concentration depth profile whose breadth depends on the 
physicochemical properties of both the interface and the adsorbates. Although such an interfacial 
distribution of surfactants is well known and accepted by the community (the black line in Fig. 
2.15), surfactant monolayers are traditionally modelled as an ideally sharp two-dimensional plane 
for the sake of mathematical simplicity (the red line in Fig. 2.15). The latter distribution is 
conceivable in the case of solid-liquid interfaces where there is a sharp, well-defined boundary 
between two phases. However, it is questionable how such a simplification for fluid – liquid 
interfaces might result in discrepancies between the model predictions and the experimental 
observations. In other words, it is of great interest to understand how the real distribution profile of 
surfactants at fluid – liquid interfaces is reflected in the rheological characteristics of interfaces as 
well as in their thermodynamic and kinetic adsorption parameters. These topics are investigated in 
Chapters 6 and 7.    
 
 
 
 
 
 
 
Figure 2.15. A schematic drawing of surfactant concentration depth profile at a fluid – liquid 
interface. The black line shows the real surfactant profile also measured by the exponential and 
computational methods. The red line represents the imaginary two-dimensional plane of adsorption 
at the Gibbs dividing plane assumed by the classical adsorption models. The heights of the curves 
are not drawn to scale.  
 
2.7. Ion specific effect  
Ion specificity means the dependence of the physicochemical properties of salts on the type 
of their component ions which have the same electrical charges. The ion specific effect was first 
reported by Hofmeister in biochemical systems when he observed that different ions had different 
ability to precipitate proteins from their solutions (Hofmeister, 1888). In general, anions are 
stronger salting-out agents than cations. Hofmeister ordered the anions in the series, today known as 
“Hofmeister series”, according to their salting-out efficiencies (Zhang et al., 2010): 
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2- 2- 2- - - - - - - - -
3 4 2 3 2 4 3 4CO >SO >S O >H PO >F >Cl >Br »NO >I >ClO >SCN     
A similar salting-out efficiency was also reported for common cations (Randall et al., 1927): 
+ + + 2+ + 2+ 2+ 2+ 2+
2+ 2+ + 2+ 3+ 3+ 3+ + +
4
Na >K >Li >Ba >Rb >Ca >Ni >Co >Mg >
Fe >Zn >Cs >Mn >Al >Fe >Cr >NH >H
  
The Hofmeister series is quite general, and this ion specific behaviour was later discovered to 
govern a range of other phenomena both in bulk and at interfaces including, but not limited to, 
biological and biochemical functions such as protein folding, crystallization and stability (Collins, 
2004, 2006; Collins et al., 2007; Broering et al., 2005), protein-protein interactions (Perez-Jimenez 
et al., 2004) enzymatic activity (Pinna et al., 2005), macromolecule solubility (Zhang et al., 2006), 
stability of colloidal particles (López-León et al., 2003), optical rotation (Rossi et al., 2007), 
surfactant adsorption and aggregation (Brady et al., 1986), foam film stability (Schelero et al., 
2015), bulk water structure and properties such as viscosity (Marcus, 2009), activity coefficients 
(Parsons et al., 2009) and ion adsorption at water surface (Petersen et al., 2006). In the last thirteen 
decades since the discovery of the Hofmeister series, a tremendous number of papers have 
specifically discussed the origin and consequences of the ion specific effects on many chemical and 
biological systems. The coverage of the broader literature on all these fields is not within the scope 
of this PhD thesis. We will, therefore, provide only a brief history of the ion specific effect on 
surfactant adsorption and interfacial water structure as well as of the most recent findings in this 
realm. 
2.7.1. Specific adsorption of ions at fluid – liquid interfaces  
It is well known that the presence of ions can significantly change the physicochemical 
properties of the air – water interface. Understanding of these changes is of great importance in 
explaining many interfacial phenomena in the realm of industrial and atmospheric surface chemistry 
(Craig, 2004; Finlayson-Pitts, 2003; Jungwirth et al., 2001). The first step towards this is to 
understand how ions interact with and are distributed across the air – water interface. The 
observation of water surface tension increment by the addition of inorganic salts (Heydweiller, 
1910) has drawn the considerable attention of the community to the surface structure of electrolyte 
solutions for over a century. According to the classical thermodynamic model of the interface, the 
depletion of ions from the water surface could have been the main reason for the observed increase 
in water surface tension; that is, a negative surface excess of salt according to GAI (Eq. (2.21)). 
However, the cause of ion depletion remained under debate until Onsager and Samaras came up 
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with the idea of image forces (Onsager et al., 1934), which was based on Wagner’s theory of 
dielectric discontinuity at interfaces (Wagner, 1924). According to the Wagner-Onsager-Samaras 
(WOS) theory, ions are depleted from the air – water interface under the influence of repulsive 
forces between ions and their images whose interaction potential, ( )iW zΔ , is given by (Onsager et 
al., 1934):  
( ) ( )( )
2
0
exp /' 2exp
' 1 / 16
i i
i
i
r q zW z
r z
λε ε
ε ε λ πε ε λ
−   Δ = ⋅ ⋅ −   + +                        (2.38) 
for the air – water interface, ε0, ε and έ are the vacuum permittivity and the dielectric constants of 
water and air, respectively. ri and qi are the radius and charge of ion “i”, z is the distance from 
interface and λ is the Debye – Hückel length, defined as: 
0
2
B
i i
i
k T
c q
εελ =                                                                                                                                  (2.39) 
where ic  is the bulk concentration of the ion “i”. Although this theory was believed to have 
successfully explained the surface tension increment of water in dilute salt solutions, reports from a 
few controversial subsequent observations revealed some fundamental shortcomings of the WOS 
theory. As implied by Eqs. (2.38) and (2.39), image forces should be progressively screened with 
electrolyte concentration until fading out at high ionic strengths. Therefore, the strongest ion 
depletion should happen at very low electrolyte concentrations. Nevertheless, Jones and Ray 
reported an initial decrease in the surface tension of salt solutions below 2 mM (Fig. 2.16), 
suggesting an excess rather than the depletion of ions at the air-water interface (Jones et al., 1935, 
1937, 1941a, b, 1942).  
Figure 2.16. The surface tension of electrolyte solutions as calculated by WOS theory and 
measured experimentally (Jones et al., 1937).  
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Figure 2.17 Interaction energies of Li
+
, Na
+
, Cs
+
 and Cl
-
 ions with their images at distance z from 
the air-water interface calculated using Eq. (2.38) for 0.1 M solutions of the corresponding salts. 
 
Another paradoxical observation was the specific effect of ions on water surface tension and 
surface potential (Jarvis et al., 1968). Although Eq. (2.38) accounts for ion specificity through ionic 
radii, ri, the ion-image interaction potential is almost the same for all ions at low electrolyte 
concentrations where the Debay – Hückel length is considerably greater than the ionic radii. This is 
demonstrated in Fig. 2.17 where the calculated potentials for the interaction of Li+, Na+, Cs+ and Cl- 
with their images in 0.1 M solutions of the corresponding chloride salts are compared. Obviously, 
the WOS model fails to describe ion specificity and even predicts no difference in the distribution 
of anions and cations at the water surface. Thus, neither is it able to explain the observed surface 
potential of electrolyte solutions. Volkov and Markin employed a modified model of ions with 
finite radii to show that various ions have different distributions at the water surface (Markin et al., 
2002). Larger ions were found to be repelled less than smaller ions resulting in a charge separation. 
This charge separation was then discussed as being responsible for the observed surface electric 
field whose direction was determined by the sign of the larger ion.  
A similar explanation had also been given by Randles, who proposed a solute-free water 
layer of 3 – 5 Å in thickness, which is not accessible by cations but by anions (Randles, 1957). He 
also assumed that some adsorptive forces must exist which act on anions and oppose the repulsive 
image forces at the water surface, even leading to the adsorption of some anions at the surface layer. 
An inevitable consequence of such a model is the spatial separation of anions and cations with 
anions lying closer to the water surface and giving rise to the reported negative surface potential of 
the corresponding salt solutions. Randles suspected that the proposed adsorptive forces were related 
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to the water structure at surface and solvation shells of ions. The first clues to the nature of these 
attractive forces were given by Ninham et al., who believed that dispersion forces were responsible 
for ion specificity. Dispersion potential, ( )ˆDispU z , is directly related to the ionic polarizability, and 
hence, is an inherently ion-specific parameter (Boström et al., 2001a, Boström et al., 2001b, 
Ninham et al., 1997): 
( ) ( ) ( )2 2 *3ˆ   ,  0 8 iDisp w air
BU z B n n
z
ϖ
α= ≈ − ⋅ ⋅
                                                                                (2.40) 
where n is the refractive index of the corresponding medium, ϖ  is an electron affinity for the ion 
and ( )* 0α  is defined as the static excess polarizability of the ion in water. While the classical 
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory did not account for the ion specificity, the 
inclusion of dispersion forces generated satisfactory results for the ion specific effect on the 
interaction of charged interfaces (Boström et al., 2001a) and solution surface tension (Boström et 
al., 2001b).  
Ivanov et al. later employed this theory to calculate the dimensionless “specific adsorption 
energies”, 0 Bu k T , of various ions on water surface which are listed in Table 2.2 (Ivanov et al., 
2011; Ivanov et al., 2007). In general, anions of bigger radii such as I
-
, Br
-
, and to some extent Cl
-
, 
have more affinity for water surface than smaller anions like F
-
 and cations. At high concentrations 
of sufficiently large and polarizable ions, the dispersion forces are strong enough to dominate the 
screened electrostatic forces, resulting in the adsorption of these ions even at the so-called 
“depletion layer”. This model of ion adsorption also requires partial dehydration and deformation of 
the solvation shell that might be tolerated by large polarizable anions because of their weaker 
solvation. Strongly-solvated smaller anions and cations would, however, not prefer dehydration 
(Manciu et al., 2003). In addition, their smaller polarizability leads to weaker dispersion forces and 
their stronger depletion from the surface compared to the polarizable anions.  
 
Table 2.2. Specific adsorption energies of some ions calculated by accounting for ionic 
polarizabilities (Ivanov et al., 2011).   
Cations  Li+ Na+ +4NH  K
+ Rb+ ( )+3 4N CH  
0 / Bu k T    - 0.09 - 0.34 - 0.60 - 0.97 - 1.00 - 1.03 
Anions  OH- F- Cl- Br- 3NO −  3N −  
0 / Bu k T   - 0.16 - 0.91 - 1.49 - 2.33 - 2.87 - 2.93 
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The overall effect of these surface forces leads to an interfacial charge separation in which 
the polarizable ions stay closer to water surface with their smaller counterions lying beneath. This 
general picture was later confirmed largely by the advanced computational and experimental 
surface-sensitive techniques. The role of dispersion forces in the specific adsorption of ions at water 
surface was also revealed when non-polarizable force fields were employed in the computer 
simulations of electrolyte solution surfaces. For instance, Marrink et al. simulated the adsorption of 
NaCl ions at water surface using a mean force potential to find that Cl
-
 ions were repelled by the 
surface slightly more strongly than Na+ ions (Marrink et al., 2001) – an observation that clearly 
contradicts the polarizability trend of these ions (Table 2.2). Nevertheless, the later application of 
polarizable force fields produced consistent simulation results. Among the most helpful and reliable 
MD simulations of electrolyte solutions are the works of Jungwirth et al., who employed polarizable 
force fields to find a significant surface propensity for I
-
, Br
- 
ions to be followed by a well-separated 
layer of Na
+
 ions right beneath, in accordance with the prediction of the ion adsorption theory 
(Jungwirth et al., 2006a; Jungwirth et al., 2002, 2006b). The polarizable anions were observed even 
to penetrate the topmost water layer known as the “depletion layer”. In the case of Cl
-
 ions, their 
surface propensity for the so-called depletion layer was however moderate, while a depletion of 
both anion and cation was found in NaF solutions (Fig. 2.18).  
 
Figure 2.18. (a-d) Snapshots of the air-solution interfaces from MD simulations. (e-h) Number 
densities of water and ions vs distance from the centre of the slabs (Jungwirth et al., 2001).  
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Such an interfacial distribution of ions has been shown to impose strong effects on the 
interfacial water structure. These alterations can be indirectly detected through variations in the 
molecular vibration of water molecules in the presence of salts. Surface-sensitive non-linear optical 
techniques and the bulk-sensitive IR and Raman spectroscopies are probably the most helpful tools 
for this purpose. A discussion of the relevant studies is postponed to be covered in Chapter 8 after 
provision of a brief theory of SFG spectroscopy and its working principles in Chapter 3. 
2.7.2. Specific effect of ions on surfactant adsorption and their interfacial performance  
Although the adsorption models mentioned in Section 2.5.2 can successfully fit the surface 
tension data for ionic surfactant adsorption in the absence and presence of electrolytes, they are not 
capable of explaining the ion specific effect on surfactant adsorption because these models are 
mostly based on EDL theory, which does not account for the specific ion effects. Various 
researchers have taken different factors as responsible for the ion specific effect on surfactant 
adsorption, resulting in the development of new theoretical models. Few example models are based 
on “the ionic partitioning between bulk solution and surface layer” (Leontidis et al., 2009b; 
Leontidis et al., 2009a), “the role of the van der Waals forces in the interaction between ions and 
water surface” (Ninham et al., 1997) and “the dispersive interactions of polarized ions with the 
electric field at interfaces” (Para et al., 2006).        
One of the most accurate theories to date was developed by Ivanov et al., who employed 
Ninham’s idea of dispersion forces to modify their previous adsorption models in order to 
incorporate the specific effect of ions into the adsorption constant of ionic surfactants (Ivanov et al., 
2007). They proposed that counterions in the diffusion part of the EDL are actually distributed 
under the influence of two contributing forces: the surface electric potential (dimensionless) created 
by the adsorption layer, 0Ψ , and the van der Waals potential of interaction between ions and 
surface, 0 Bu k T . Solving the Poisson-Boltzmann equation for the sum of two potentials, they 
modified the generalized form of the Gouy equation (Eq. (2.34)) as follows: 
0 0
0
4
sinh exp
2 2
t
B
c u
k Tκ
 ΨΓ = −  
                                                                                                 (2.41) 
From this equation, a new ion-specific adsorption constant for ionic surfactant solutions, K′ , was 
obtained: 
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( )0 0exp
2 B
uK K
k T
 
′ = −  
                                                                                                                (2.42) 
( )0K is the adsorption constant in the absence of ion specificity. It is evident that the larger the 
tendency of ions is towards the surface, i.e. a bigger value of 0 Bu k T in Table 2.2, the larger the 
value of the adsorption constant will be (Fig. 2.19). In other words, in the presence of more 
polarizable counterions, the electrostatic repulsion between surfactants’ heads will be screened 
better, and the overall surface potential should become weaker (Fig. 2.20). The weakening of 
surface potential might have a tremendous effect on the stability of foam films where the 
electrostatic disjoining pressure is the main film stabilizing factor. This successfully explained the 
observed ion specific effect on the stability of foam films (Sett et al., 2015). Later on, further 
examinations proved the validity of this model in explaining the role of ion specificity in some other 
phenomena such as surfactant micellization and emulsion stability (Ivanov et al., 2011). 
Figure 2.19. Plots of surfactant adsorption constants vs. specific adsorption energy of (a) halides 
and (b) alkali counterions (Ivanov et al., 2007). 
 
Figure 2.20. Surface potential vs. specific adsorption energy for the foam films stabilized with 
CTAB in the presence of NaF, NaCl and NaBr salts (Ivanov et al., 2011). 
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2.7.3. Summary  
The literature on the topic of this thesis is so broad that only the most related and recent 
discussions are covered by this chapter. This summarized review shows that our traditional 
understanding of the interface and of interfacial phenomena is now changing and gradually 
evolving into a more comprehensive insight into these systems at both microscopic and 
macroscopic levels – thanks to the new advancements in surface–sensitive and computational 
methods. The traditional beliefs with relation to the distribution of surfactants and inorganic ions at 
fluid – liquid interfaces is now being challenged as more accurate evidence – either experimental or 
computational – about the real architecture of interface becomes available. In some cases, new 
findings have even helped in the understanding or revision of the microscopic causes behind some 
interfacial phenomena which had previously been interpreted purely by traditional means. By 
combining the classic modelling with the experimental techniques, including both microscopic 
surface-sensitive and macroscopic methods, it will be shown in the upcoming chapters that the 
concentration depth profile of surfactants can help explain some controversial observations which 
could not otherwise be explained by the monolayer-based classical models (see Chapters 5, 6, 7). 
Also we will discuss how monovalent cations can generate a specific effect on the interfacial water 
structure, although they are traditionally believed to be repelled by the water surface (see Chapter 
8).    
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3.1. Introduction 
Sum frequency generation (SFG) spectroscopy is a relatively new vibrational spectroscopy 
technique, which is inherently capable of discriminating between the interfacial and bulk molecules. 
In other words, it demonstrates excellent surface-sensitivity, and hence, is one of the best 
techniques available to study the structure of interfaces and adsorption layers. This technique is 
based on a second-order non-linear optical phenomenon known as sum frequency generation that 
occurs in the presence of intense electrical fields of laser beams. Although the theoretical 
foundation for non-linear optical spectroscopy was established in the early 1960s (Bloembergen et 
al., 1962), no experimental observations were made until the development of powerful laser pulses. 
Since the report of the first SFG spectra from surfaces in the 1980s (Zhu et al., 1987; Hunt et al., 
1987; Harris et al., 1987), this technique has been continuously developing. Today, various SFG 
spectroscopy techniques such as time-resolved, phase-sensitive and two-dimensional SFG 
spectroscopy are being used to study a variety of systems. A comprehensive literature on non-linear 
optical techniques is now available to scientists, a part of which is covered by this chapter about the 
theory and applications of SFG spectroscopy at fluid – liquid interfaces.    
3.2. Theory 
3.2.1. The origin of SFG signal   
In the presence of weak electric fields, the electrons of a molecule respond harmonically to 
the field and a dipole moment, μ , is induced which is proportional to the electric field strength, ℑ , 
(Bain, 1995): 
0μ μ α= + ℑ                                                                                                                                      (3.1) 
where 0μ and α  are the static dipole moment and the polarizability, respectively. For the 
condensed phase, the number of dipole moments per unit volume is called the first-order 
polarization, (1)ℜ : 
(1) (0) (1)
0ε χℜ = ℜ + ℑ                                                                                                                        (3.2) 
The static polarization, (0)ℜ , can be neglected for many materials. (1)χ  is called linear susceptibility 
and is defined as: 
(1)
0Nχ α ε=                                                                                                                               (3.3) 
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here, N is the number of molecules and α  is the molecular polarizability averaged over all 
orientations of the molecules in the material.  
In the presence of intense electric fields like that of laser beams, the response of electrons is 
no longer harmonic and a second (or higher) order of ℑ  contributes to the dipole moments: 
(0) :μ μ α β= + ℑ+ ℑℑ                                                                (3.4) 
( )(1) (2) (1) (2)0 :ε χ χℜ = ℜ +ℜ = ℑ+ ℑℑ                                                                                            (3.5) 
β  is the first hyper-polarizability. (2)χ  is the second-order (non-linear) susceptibility, which is a 
third-rank tensor, and :β ℑℑ  denotes 
,
ijk j k
j k
β ℑ ℑ . As a consequence of non-linear optics, the 
frequency of light can be changed. Simply, for the electric fields of 1 1 1(r, t) (r) cos tωℑ = ℑ  and 
2 2 2(r, t) (r) cos tωℑ = ℑ , the second-order polarization, (2)ℜ , becomes (Lambert et al., 2005): 
( ) ( )
( ) ( )[ ]
(2) (2) (2)
0 1 2 0 1 2 1 2
(2)
0 1 2 1 2 1 2
: : cos cos
1                               = : cos( ) cos( )
2
r r t t
r r t t
ε χ ε χ ω ω
ε χ ω ω ω ω
ℜ = ℑ ℑ = ℑ ℑ
ℑ ℑ + + −
  (3.6) 
ω  is the frequency of the laser beam. This equation expresses that we have two dipoles oscillating 
with frequencies ( 1 2ω ω− ) and ( 1 2ω ω+ ). The former dipole gives rise to difference frequency 
generation (DFG), while the latter is the origin of sum frequency generation (SFG) phenomena. 
When the two incident frequencies are the same, 1 2ω ω ω= = , the new dipole oscillates at 2ω , 
giving rise to second harmonic generation (SHG) phenomenon (Franken et al., 1961).  
3.2.2. The spectroscopic aspects   
The intensity of the created SFG light, SFGI , is proportional to the incident intensities. For 
SFG spectroscopy, IR and visible lasers are chosen as the incident beams (Zhuang et al., 1999): 
( ) ( ) ( )2(2)SFG IR Vis eff IR IR Vis VisI I Iω ω χ ω ω+ ∝                                                                                     (3.7) 
(2)
effχ  is composed of one non-resonant part, (2),eff NRχ , which hardly varies with frequency and is small 
for fluid interfaces, and one resonant part, (2),eff Rχ , which is frequency-sensitive and is defined as: 
(2)
,
ˆ
eff R
IR
A
i
υ
υ υ υ
χ
ω ω
=
− + ϒ                                                                                                                (3.8) 
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where Aˆυ  and υω  are the amplitude and frequency of the molecular vibrational mode “υ ”, 
respectively. υϒ denotes the damping coefficient of the thυ  vibrational resonance. Therefore, Eq. 
(3.8) can be rearranged as follows: 
( ) ( ) ( )
2
(2)
,
ˆ
SFG SFG eff NR IR IR Vis Vis
IR
AI I I
i
υ
υ υ υ
ω χ ω ω
ω ω
∝ +
− + ϒ   (3.9) 
According to Eq. (3.9), when the input IR frequency matches one of the vibrational modes                  
of the molecules, (2),eff Rχ  and consequently the SFG signal intensity increases. Therefore, a 
vibrational spectrum of the interfacial molecules can be obtained by simply probing the IR 
frequency. The spectrum can be deconvoluted to its component peaks for the specific molecular 
vibrations by means of Eq. (3.9).  
When light hits a material’s surface, interactions such as refraction and reflection take place 
between them. Thus, the experimentally deduced (2),eff Rχ  should be corrected for these interactions. 
This correction is done through the Fresnel factors, ( )L ω , for each of the laser beams present at the 
surface to give the second-order non-linear susceptibility, (2)ijkχ , in lab coordinates x, y, z (Zhuang et 
al., 1999):      
[ ] [ ][ ](2) (2), ˆ ˆ ˆ( ). ( ) . : ( ). ( ) ( ). ( )eff R SFG SFG Vis Vis IR IRL e L e L eχ ω ω χ ω ω ω ω=   (3.10) 
with ˆ( )e ω being the unit polarization vector. (2)ijkχ  is a tensor with 27 elements, only four of which 
are independent non-vanishing components, in the case of an azimuthally isotropic interface: 
(2) (2)
(2) (2)
(2) (2)
(2)
 
 
 
xxz yyz
xzx yzy
zxx zyy
zzz
χ χ
χ χ
χ χ
χ
=
=
=
                                                                                                                                   (3.11)                   
These four components can be determined by obtaining the (2)effχ  values under the four different 
input and output polarization combinations of ssp, sps, pss and ppp. The first, second and third 
letters represent the polarization of SFG, visible and IR lights, respectively. S-polarized light has its 
electric field vector perpendicular to the plane of incidence, while for p-polarized light, the electric 
filed vector is parallel to the plane of incidence (Fig. 3.1). 
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Figure 3.1. The direction of the electric field vector in s-polarized and p-polarized lights (Lambert 
et al., 2005). 
 
 
 
 
Once the (2)effχ has been determined for all polarization combinations, the Fresnel factor 
correction should be carried out using the following specific forms of Eq. (3.10) for each 
polarization combination, in order to deduce the four tensor components in Eq. (3.11): 
(2) (2)
,
(2) (2)
,
(2) (2)
,
(2)
,
( ) ( ) ( )sin
( ) ( ) ( )sin
( ) ( ) ( )sin
( ) ( )
eff ssp yy SFG yy Vis zz IR IR yyz
eff sps yy SFG zz Vis yy IR Vis yzy
eff pss zz SFG yy Vis yy IR SFG zyy
eff ppp xx SFG xx Vis z
L L L
L L L
L L L
L L L
χ ω ω ω χ
χ ω ω ω χ
χ ω ω ω χ
χ ω ω
 = Θ 
 = Θ 
 = Θ 
= −[ ]
[ ]
[ ]
(2)
(2)
(2)
( ) cos cos sin
              ( ) ( ) ( ) cos sin cos
               + ( ) ( ) ( )sin cos cos
               + ( ) (
z IR SFG Vis IR xxz
xx SFG zz Vis xx IR SFG Vis IR xzx
zz SFG xx Vis xx IR SFG Vis IR zxx
zz SFG zz
L L L
L L L
L L
ω χ
ω ω ω χ
ω ω ω χ
ω ω
Θ Θ Θ
− Θ Θ Θ
Θ Θ Θ
[ ] (2)) ( ) sin sin sinVis zz IR SFG Vis IR zzzL ω χΘ Θ Θ
  (3.12) 
where Θ  is the incidence/reflection angles of the corresponding laser beams. ( )xxL ω , ( )yyL ω and 
( )zzL ω  are the diagonal elements of ( )L ω  and are defined as follows for the air-water interface 
with a geometry shown in Fig. (3.2) (Zhuang et al., 1999): 
2
2 ( ) cos( )
( ) cos ( ) cos
2 ( )cos( )
( ) cos ( ) cos
2 ( ) cos ( )( )
( ) cos ( )cos ( )
air
xx
air water
air
yy
air water
water air
zz
air water Interface
nL
n n
nL
n n
n nL
n n n
ω
ω
ω ω
ω
ω
ω ω
ω ω
ω
ω ω ω
Ξ
=
Ξ + Θ
Θ
=
Θ+ Ξ
 Θ
=   Ξ + Θ  
                                                                 (3.13) 
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with Ξ  being the refracted angle of the laser beam at the interface. n is the refractive index of the 
corresponding medium. It has been suggested that Interfacen  can be calculated using the following 
equation (Zhuang et al., 1999):   
2
2
2 2
int
4 21
( 5)
water
erface water water
n
n n n
  +
=   + 
                                                                                                        (3.14) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. The typical experimental geometry for an SFG setup at an air-water interface (Zhuang 
et al., 1999). 
 
 
 
For an interface composed of N molecules, the second-order non-linear susceptibility, (2)ijkχ , 
is proportional to both the number density of oscillators that contribute to the SFG signal and the 
molecular hyper-polarizability averaged over all molecular orientations, lmnβ , at the interface:  
(2)
:
0
ijk ijk lmn lmn
lmn
Nχ β
ε
= ∂                                                                                                                (3.15) 
In this equation, , ,l m nβ  is also a tensor whose elements are defined in molecular coordinates, i.e. ξ , 
η  and ζ . :ijk lmn∂  is the orientationally averaged Euler angle transformation from the lab 
coordinates, x, y, z, to the molecular coordinates, ξ , η , ζ . Similar to (2)ijkχ , there are only a few 
non-zero elements of , ,l m nβ for certain vibrational symmetries of molecular moieties. For example, 
the specific forms of Eq. (3.15) for the vibrations of a terminal methyl group with C3v symmetry 
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(Fig. 3.3) at an azimuthally isotropic interface are given by the following equations (Sung et al., 
2013): 
(2) (2) 3
0
(2) (2) (2) (2) 3
0
(2) 3
0
cos 1 cos 1
2
cos cos 1
2
cos cos 1
xxz yyz
xzx yzy zxx zyy
zzz
N
N
N
ηηζ ηηζ
ζζζ
ζζζ ζζζ
ηηζ
ζζζ
ζζζ
ηηζ ηηζ
ζζζ
ζζζ ζζ
β βχ χ β ϕ ϕ
ε β β
βχ χ χ χ β ϕ ϕ
ε β
β βχ β ϕ ϕ
ε β β
    
= = + − −            
  = = = = − −     
 
= + −    ζ
        
  (3.16) 
where φ is the polar angle of the symmetry axis ζ  with respect to the lab z axis. lmnβ  can be 
calculated from the second-order perturbation theory (Shen, 1984): 
,
lm n
lmn
IR
g g
iυ υ υ
α ν ν μβ
ω ω
=
− + ϒ

                                                                                                          (3.17) 
with g  and ν  being the ground and excited vibrational states, respectively. lmα  is the 
polarizability tensor and nμ
  denotes the electric dipole operator for a particulate vibration, υ .         
Figure 3.3. Illustration of a methyl group with C3v symmetry in the molecular coordinates (Sung et 
al., 2013). Blue coordinates exhibit the lab coordinates, and the green line is the C3 rotation axes. 
 
 
 
3.2.3. SFG-activity criteria  
From what was discussed above, it is clearly seen that some criteria should be met in order 
for a system to be SFG-active. First of all, the surface-sensitivity of SFG spectroscopy is implicitly 
expressed in Eq. (3.15) where the second-order susceptibility changes with the average orientation 
of the contributing molecules. Inside the bulk liquid, molecules experience an isotropic environment 
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and are oriented randomly in all directions. Thus, there is no net average orientation inside bulk, 
and SFG signal from various molecules will cancel out each other. At an interface, the bulk 
symmetry is broken, and the interfacial region is usually azimuthally isotropic; that is, a degree of 
net polar orientation may exist at liquid interfaces. Therefore, the SFG signal is expected to be 
generated by the interfacial molecules, and the contribution from the bulk molecules is presumably 
negligible. Nevertheless, SFG might also be generated from the bulk of the non-centrosymmetric 
crystalline solids.  
In addition, in order for a molecular vibration to be SFG-active, it should be both IR-active 
and Raman-active. This is inferred from Eq. (3.17) where the molecular hyper-polarizability 
directly depends on IR and Raman transition dipole moments. In centrosymmetric molecules, both 
IR- and Raman-activity is hardly satisfied at the same time. As a result, the lack of molecular 
centro-symmetry is another SFG-activity criterion for a molecule. This criterion depends on the 
chemical and conformational structure of individual molecules. A well-known example of this is the 
effect of gauche-trans conformations of long hydrocarbon chains on the shape of SFG spectra 
(Bain, 1995). As shown in Fig. (3.4), the adjacent methylene (CH2) groups in an all-trans 
conformation are aligned in opposite directions, and the chain has local centres of symmetry. With 
this conformation, the signal from methylene groups will cancel out each other, but the methyl 
(CH3) groups might be SFG-active in case a net orientational order exists. The occurrence of some 
gauche defects will break this local centro-symmetry to some extent, making some of the methylene 
groups SFG-active, but this time at the cost of the SFG-inactivity of methyl groups. Gauche defects 
actually randomize the orientation of methyl groups.  
 
 
Figure 3.4. The molecular conformations of a hydrocarbon chain (Bain, 1995). 
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3.3. Applications to fluid – liquid interfaces 
Unlike Raman and IR spectroscopy, the SFG signal intensity is dependent not only on the 
total number density of oscillators, but also on the molecular ordering, as also inferred from Eq. 
(3.15). The more ordered a certain number of molecules are, the stronger the SFG signal will be. 
Therefore, the analysis of SFG spectra can provide information about the number density of 
molecules at interfaces, polar orientation and average tilt angle of the adsorbed molecules as well as 
the molecular conformation. Although the SFG signal was first observed from the bulk of triglycine 
sulfate crystal (Bass et al., 1962), the SFG signal was immediately obtained from a variety of 
interfaces in the following years. With the prospect of understanding the molecular origins of some 
interfacial phenomena such as biological functions, reaction mechanisms, catalysis, electrochemical 
activity and adsorption, new SFG spectroscopy techniques have been, and are still being, developed 
and used to study, for example, the adsorption of gases (Dederichs et al., 2000), organic molecules 
(Somorjai et al., 1999), solvents (Wang et al., 2004) and biomolecules (Laaser et al., 2014) on solid 
surfaces, freezing of water near solid surfaces (Anim-Danso et al., 2013), surface melting of ice 
(Sánchez et al., 2017), protein and biomolecule structure (Huang et al., 2016), drug-membrane 
(Nguyen et al., 2009) and protein-membrane interactions (Nguyen et al., 2010), interfacial water 
structure in the absence (Nihonyanagi et al., 2011) and presence of organic (Chen et al., 2010) and 
inorganic solutes (Verreault et al., 2012), dynamics of interfacial molecules (Nihonyanagi et al., 
2013), adsorption and structure of lipid (Liu et al., 2005) and surfactant (Rao et al., 2011) layers, 
reaction kinetics of marine organic layers (Kleber et al., 2013), atmosphere – ocean interactions 
(Tian et al., 2011), and polymer surface structure (Harp et al., 2003), to name just a few. In these 
works, researchers have enjoyed using a range of newly-emerging SFG techniques such as phase-
sensitive SFG (Shen, 2013), chirality-sensitive SFG (Fu et al., 2011), two-dimensional SFG 
(Kraack et al., 2016), three-dimensional chiral SFG imaging (Ji et al., 2006), time-resolved SFG 
(Sekiguchi et al., 2008), SFG imaging microscopy (Cimatu et al., 2006) and ultraviolet-visible SFG 
(Nguyen et al., 2009). The full coverage of the details of these studies and techniques is beyond the 
scope of this thesis. This section only covers research that is most relevant to the thesis topic – the 
adsorption of surface active organic molecules and inorganic salts at the air – liquid interface.     
3.3.1. Neat water surface 
Analysis of the SFG spectrum of neat water at OH stretch region provides valuable 
information about the microscopic architecture of interfacial water. The SFG spectrum of neat water 
surface was first reported by Shen’s group, suggesting some degree of molecular ordering at the 
water surface (Du et al., 1993). The recorded water spectrum revealed two main features (Fig. 3.5). 
One sharp and well-separated band around 3700 cm-1 and one broad band spanning 3000 – 3600 
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cm-1. In general, the former is attributed to the stretch of free (non-bonded) OH groups at the 
topmost layer, while the latter is attributed to the OH stretches of the hydrogen-bonded water 
molecules. The broad band is further deconvoluted to several contributing sub-bands whose peak 
assignments have been a controversial topic during the past two decades. The strongly hydrogen-
bonded (ice-like) and weakly hydrogen-bonded (liquid-like) water molecules are believed to be 
represented by two overlapping peaks centered around 3200 cm-1 and 3400 cm-1, respectively (Fig. 
3.5).  
From Eq. (3.8) one can see that ( )2χ is a complex value with one real part, ( )2Re( )χ , and one 
imaginary part, ( )2Im( )χ , that bears information about the phase (or sign) of the spectral bands. 
From the band signs, it is possible to deduce the absolute orientation of an oscillating moiety. The 
preliminary SFG spectra, recorded by numerous groups for neat water, provides only the absolute 
intensity of the vibrational bands, ( )
22χ , without supplying any information about their phases. 
Prior to the advent of phase-sensitive SFG, such information was majorly deduced from the 
measured ( )
22χ  spectra (Raymond et al., 2003). On the other hand, peak assignments were mostly 
based on the data available from isotopic dilution studies (Raymond et al., 2002), SFG studies 
under different polarization combinations (Gan et al., 2006) and IR and Raman spectroscopy of 
bulk water (Liu et al., 2004). As a result, different sets of peaks with various signs, i.e. either 
positive or negative, were adopted by different groups for spectral analysis of OH stretches. Shen et 
al. revealed that such confusing inconsistencies arose from the non-uniqueness of spectral fitting in 
the absence of pre-fixed information about the frequencies and signs of the resonant amplitudes 
(Tian et al., 2009). Thankfully, this information is now available  through both computational 
methods (Morita et al., 2008) and phase-sensitive SFG spectroscopy (Ostroverkhov et al., 2005).  
Figure 3.5. The ssp-polarized SFG spectrum of neat water – air interface at 40 °C (Du et al., 1993). 
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As also depicted in Fig. 3.6-A, the neat water spectrum is characterized by a weak positive 
band below 3100 cm-1, a broad negative band spanning 3100 - 3600 cm-1 and a positive band 
around 3700 cm-1 (Nihonyanagi et al., 2011). The positive band around 3100 cm-1 does not usually 
appear in spectra and has been alternatively assigned to either the ice-like water molecules (Tian et 
al., 2009) or strongly hydrogen-bonded water pairs at the outermost surface layer (Nihonyanagi et 
al., 2011). In general, there is a consensus on the assignment of the positive peak centered at 3700 
cm-1 to the free (dangling) OH stretches of the water molecules that straddle the air – water 
interface (Raymond et al., 2002; Du et al., 1993; Brown et al., 2000). A pair of smaller positive 
peaks has also been proposed on either side of the free OH band around 3660 cm-1 and 3760 cm-1 
(Brown et al., 2000). The former, however, does not appear in most of the reported spectra or is 
hardly distinguishable from the spectral baseline. Analysis of the SFG spectrum of the CCl4/H2O 
interface has attributed these two small bands to those monomeric water molecules that are very 
loosely bonded to other molecules (Scatena et al., 2001). In analogy, the peak at 3750 cm-1 is 
assigned to the asymmetric stretch of the so-called “vapour-phase” water molecules that show no or 
only weak sign of hydrogen bonding (Allen et al., 2001; Brown et al., 2000). Yet, the origin of this 
small peak is under debate, as it has been alternatively assigned to the second component of the free 
OH stretches (Liu et al., 2004; Shultz et al., 2002). The assignment of the broad negative band is 
still debated. While few recent works have radically attributed it to the symmetric stretch of OH and 
its Fermi resonance with bending overtone (Sovago et al., 2008; Nihonyanagi et al., 2011), the 
majority of the community assign it to stretch modes of the water molecules with a continuum of 
hydrogen-bonding strengths and geometries. Fig. 3.6-B depicts the proposed types of interfacial 
water molecules. 
Figure 3.6. (A) The ssp-polarized ( )2Im( )χ  spectrum of neat water surface (Nihonyanagi et al., 
2011). (B) The bands assigned to vibrations of different water molecules (Scatena et al., 2001).  
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3.3.2. Inorganic ions at fluid – liquid interfaces 
The water SFG signal can also be exploited as an indirect probe to track the specific 
adsorption of individual ions at the air – water interface and their resulting impacts on the interfacial 
hydrogen-bonding network. The SFG measurements performed by numerous groups are now 
developing into a consensus on the general picture of the electrolyte solution surfaces, despite some 
inconsistencies in the findings and disagreements in the interpretations, a few examples of which 
are discussed below.  
Raymond and Richmond recorded SFG spectra for 0.9 M NaF and 1.7 M NaCl, NaBr and 
NaI solutions (Raymond et al., 2004). The variation of interfacial hydrogen bonding with the anion 
type indicated the presence of polarizable anions in the interfacial region. The vibrations attributed 
to the tetrahedrally hydrogen-bonded water molecules were found to lose intensity and redshift in 
the presence of F
-
, but gain intensity and blueshift in the presence of Br
-
and I
-
. With Cl
-
, the water 
spectrum changed only slightly (Fig. 3.7). They interpreted this observation as a consequence of the 
kosmotropic – chaotropic effect of these anions on the surrounding water network. A similar 
intensity drop was also reported by Khoi et al. for 1 - 10 mM solutions of NaF (Nguyen et al., 
2014). Also for the same concentrations of NaBr, the broad band was found to significantly lose its 
intensity, in spite of the fact that Br
-
, unlike F
-
, is a chaotropic ion. Their observation for NaCl 
solutions was even more surprising. For 1 – 10 mM NaCl solutions, SFG intensity of the broad 
band decreased in a similar way, but as soon as the salt concentration increased to 2 M and 4 M, the 
intensity was recovered and became even slightly greater than that of neat water (Fig. 3.8). The 
decrease in the broadband intensity of water SFG spectrum at low salt concentrations has also been 
reported by others (Laß et al., 2011; Feng et al., 2009).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. The SFG spectra and wavelength shifts for salt solutions (Raymond et al., 2004). 
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Figure 3.8. The SFG spectra for OH stretches in various concentrations of sodium halides (Nguyen 
et al., 2014). 
 
 
Allen et al. recorded the SFG spectra for 0.8 M NaF solution and 0.8 M and 2 M solutions 
of NaCl, NaBr and NaI (Liu et al., 2004). Contrary to the other works, the SFG spectra did not vary 
much for 0.8 M solutions of NaF and NaCl. Referring to previous MD simulation findings, they 
discussed that the repulsion of both anions and cations from the interface could be the reason for the 
unaffected hydrogen bonding network in the presence of NaF. Their reasoning for the negligible 
effect of NaCl was, however, quite uncommon, as they attributed this to a potential reduction in the 
polarizability of the chloride ion within the interfacial region. In 0.8 M and 2 M solutions of both 
NaBr and NaI, the peak intensity around 3200 cm-1 decreased only slightly, while the band around 
3400 cm-1 was enhanced with salt concentration (Fig. 3.9) suggesting the significant disturbance of 
interfacial hydrogen bonding network by polarizable anions, as claimed by the authors. An 
increment in the interfacial depth, which leads to the contribution of more water molecules to the 
SFG signal, was also given as another reason for the observed intensity enhancement in the 
presence of more polarizable anions, i.e., Br
- 
and I
-
. Allen et al. however ruled out the possibility of 
an enhancement in the interfacial ordering of water molecules. They believed that solvation of ions 
would randomize the water molecules orientation causing a loss of SFG intensity at a constant 
interfacial depth.  
Their following measurements using phase-sensitive SFG (PS-SFG) spectroscopy revealed 
that the orientation of interfacial water molecules could be influenced by an electrical double layer 
(EDL) created by the adsorption of ions at the water surface (Hua et al., 2014). The formation of a 
surface electric field and its effect on the interfacial water structure has been evidenced also by 
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other researchers (Fig. 3.10) who claimed its magnitude and direction depends on the charge 
separation that originated from a difference in the relative polarizabilities of the component anions 
and cations (Tian et al., 2011). This interpretation is in accordance with the predictions of the ion 
adsorption theory, as discussed in Section 2.7.1.  
Figure 3.9. The SFG spectra for OH stretches in various concentrations of sodium halide solution. x 
is the mole fraction of salt to water in the bulk solutions (Liu et al., 2004).  
Figure 3.10. The ( )
22χ  and ( )2Im( )χ  spectra for different salt solutions (Tian et al., 2011). 
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Being influenced by the traditional thermodynamic view that supposes the complete 
depletion of cations from the surface, the majority of researchers have focused on the specific effect 
of anions. The specific effect of cations on interfacial water structure has become the topic of only a 
few recent works. Wang et al. recorded the SFG spectra for 0.2 M, 0.5 M and 0.94 M solutions of 
NaF as well as 0.2 M, 0.5 M, 2 M and 6 M solutions of KF (Feng et al., 2009). In the case of NaF, 
the intensity of the broadband decreased considerably with salt concentration, implying a 
concentration dependency of the SFG signal. Very slight (or even no) difference from neat water 
spectrum was found for 0.2 M and 0.5 M solutions of KF. The spectrum dramatically changed as 
KF concentration was increased to 2 M and 6 M though. Despite the clear, specific effect of cations 
on hydrogen–bonding network, its origin was not clarified appropriately. Allen’s group studied the 
cation specific effect in 2 M solutions of LiCl, NaCl, KCl and NH4Cl using two different SFG 
Spectroscopy techniques (Hua et al., 2014). The conventional SFG spectra demonstrated a 
remarkable perturbation of interfacial water structure by LiCl and NH4Cl, but only a slight change 
in neat water spectrum by NaCl and KCl salts. Nevertheless, PS-SFG measurements revealed that 
interfacial water molecules oriented their transition dipole moments towards the air phase (Fig. 
3.11). They interpreted this as the influence of a surface electric field created by the adsorption of 
anions lying above cations. The magnitude of this electric field showed cation specificity in the 
order + + + +4Li Na >NH >K≈ . 
 
Figure 3.11. The phase-sensitive and conventional SFG spectra recorded for OH stretches in 2 M 
solutions of the halide salts of various monovalent cations (Hua et al., 2014).  
 
3.3.3. Surface-active organic molecules at fluid – liquid interface  
The microscopic structure of the adsorption layers of surfactants can be investigated from 
the viewpoints of both the structural organisation of the hydrocarbon chains and the interfacial 
water structure lying beneath the adsorption layers. The former is studied by simply analysing the 
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SFG spectrum recorded in the CH stretch region, while the latter is understood from the water 
spectrum recorded in the OH stretch region. The CH region spectrum of alkyl chains is generally 
characterised by six vibrational bands, some of which may or may not appear in the spectrum, 
depending on the molecular conformation of the adsorbates. Contrary to the complexities of the OH 
spectral analysis, there is a consensus about the peak assignments in the CH stretch region. 
Commonly for a conventional surfactant or alcohol chain composed of methyl and methylene 
groups, the peak at ~2850 cm-1 is assigned to the symmetric stretch of CH2 ( d
+ ). The asymmetric 
stretch of CH2 ( d
− ) appears at ~2925 cm-1. The peak at ~2910 cm-1 is attributed to the Fermi 
resonance of CH2 symmetric stretches ( FRd
+ ). Similarly, for CH3, the symmetric stretch ( r
+ ) appears 
at ~2875 cm-1; the asymmetric stretch ( r − ) around 2965 cm-1
 
and the Fermi resonance of the 
symmetric stretch ( FRr
+ ) around 2945 cm-1 (Lambert et al., 2005; Sung et al., 2005). Small shifts in 
the vibrational frequencies might also be observed because of the differences in molecular 
structures and environment. Fig. 3.12 illustrates these vibrations.  
Figure 3.12. The methyl and methylene stretching modes. The internal displacement vectors of 
each vibrational mode are indicated by arrows (Lambert et al., 2005).  
 
The first SFG spectra of a surfactant adsorption layer were recorded by Shen’s group for the 
adsorption of pentadecanoic acid at the air – water interface (Guyot-Sionnest et al., 1987). They 
observed that at a low surface coverage of 47 Å
2
 per molecule, i.e. liquid expanded phase, the 
spectrum featured the vibrational bands for both methyl and methylene groups. When increasing the 
surface coverage, methylene stretches weakened so that the spectrum was dominated only by 
methyl stretches at full coverage, i.e. 22 Å
2
, (Fig. 3.13). They attributed this behaviour to the trans – 
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gauche conformational transformation, as discussed in Section 3.2.3. This behaviour is almost 
general for all surfactant adsorption layers (Bell et al., 1996; Sung et al., 2013), even at solid – 
liquid interfaces (Bain, 1995). At high surface coverages, most of the adsorbed surfactants adopt an 
all-trans conformation to maximize their order and facilitate further surfactant adsorption for an 
optimal interfacial packing.   
Figure 3.13. (1a – 1c) ssp-polarized and (2a – 2c) sps-polarized SFG spectra for the adsorption 
layer of pentadecanoic acid at three different surface coverages of 22 Å
2
, 34 Å
2 
and 47 Å
2
 (Guyot-
Sionnest et al., 1987).  
 
 
The adsorption of surfactants with a net charge, i.e. anionic or cationic, is known to create a 
net surface potential at the air – water interface, as also proposed by the traditional surfactant 
adsorption models discussed in Section 2.5.2. Not only does this electric field affect the ionic 
distribution in the diffuse part of the EDL, but also reorients the interfacial water molecules. The 
alignment of water molecules in the electric field enhances their overall order, and the intensity of 
the broad band in water SFG spectrum rises considerably. The absolute orientational change of the 
water molecules can be tracked from the sign (or phase) of the broadband at PS-SFG At the same 
time, the replacement of the dangling water molecules (denoted by number 4 in Fig. 3.6-B) by 
surfactants, results in the disappearance of the free OH band around 3700 cm-1. For non-ionic and 
zwitterionic surfactants the effect on interfacial water structure is smaller than ionic ones (Mondal 
et al., 2010, 2012; Chen et al., 2010). Fig. 3.14 shows the response of interfacial water molecules to 
the surface potential created by ionic surfactant adsorption, as also reflected in the PS- SFG spectra.  
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Figure 3.14. (Left) The full-range SFG spectra, i.e. CH and OH stretch regions, for different 
aqueous mixtures of an anionic (DPPG) and a cationic (DPTAP) surfactant. As the charge goes 
from negative to positive, the sign of the broadband in the OH region correspondingly varies from 
negative to positive (Mondal et al., 2012). (Right) The interfacial order of water molecules induced 
by the electric field of ionic surfactants (Mondal et al., 2010). 
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4.1. Materials 
In this thesis, we have used some low molecular weight alcohols, namely, n-pentanol, n-
hexanol, and methyl isobutyl carbinol (MIBC). These molecules are not considered as conventional 
surfactants, but exhibit so considerable surface-activity that can be treated like surfactants. We 
chose these surface-active alcohols for their nonionic nature, which allows the investigation of 
interfacial water structure in the absence of a strong surface electric field. This will be discussed in 
detail in Chapter 8. As per our discussion in Section 2.3, the micellization/pre-micellization near 
CMC may intervene in surface saturation and alter the bulk activity of surfactants, complicating the 
interpretation of surface tension data. This difficulty is already overcome in the case of these 
surface-active alcohols since they have no reported CMC point. In Addition, MIBC is an 
exceptionally popular frother, with extensive use in minerals processing, i.e. froth floatation. 
Therefore, understanding its interfacial performance might also be of big interest to the Australian 
mining industry. The molecular structures of these alcohols are shown in Fig. 4.1. MIBC and n-
pentanol were purchased from ACROS Organics and Sigma-Aldrich, respectively. n-Hexanol was 
obtained from Fluka. The purity of all alcohols was above 99% and they were used as received. 
Lithium chloride, sodium chloride, potassium chloride and cesium chloride, all with purities of 
greater than 99%, were purchased from Sigma-Aldrich. They were roasted prior to use for 10 hours 
at 550° C for organic contamination removal. The solutions were prepared using purified water with 
a resistivity of 18.2 MΩ.cm from an Ultrapure Milli-Q unit from Millipore, USA. All glassware, 
including the TFPB cell, were decontaminated by immersing in an alkaline ethanol/water solution 
for 10 minutes and then rinsing with a 1% hydrochloric acid solution and finally flushing 
vigorously with DI water. All experiments were performed at room temperature of 23±2 °C. 
 
 
 
 
 
 
 
 
Figure 4.1. The molecular structure of the studied alcohols. 
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4.2. Tensiometry and surface dilatational viscoelasticity measurements   
The equilibrium surface tension of all solutions was measured using the Wilhelmy plate 
method. The device was assembled in the lab using a motorized lab jack (MLJ050, THORLABS) 
coupled with an analytical balance (XS205, METTLER TOLEDO) and was run by a program 
developed using LabVIEW (Fig. 4.2). Any possible organic contaminants on the Pt plate were 
removed using a jet torch flame until the Pt turned bright. Tabulated surface tension of DI water at 
the same room temperature was used to calibrate each set of the measurements (Vargaftik et al., 
1983). Three successive measurements were made and averaged for each sample. Solutions were 
left in the measurement vessel for five minutes to ensure the equilibrium between the adsorption 
layer and the bulk solution was established. A profile analysis tensiometer (PAT-1, SINTERFACE, 
Germany) was employed to measure the dynamic surface tension and dilatational viscoelasticity on 
a buoyant bubble surface created in different sample solutions (Fig. 4.2). The precise dosing system 
of PAT-1 allows the generation of low-amplitude harmonic perturbations of the bubble’s surface 
area and the corresponding variations in the surface tension are recorded simultaneously. This, in 
turn, allows determining the dilatational viscoelasticity of the surface. In all measurments, the 
bubble oscillated with varying frequencies ranging from 0.005 to 0.2 Hz. Oscillations were 
performed 2 hours after the beginning of the surface tension measurements. Three independent 
measurements were made for each sample in a closed cell to minimize the possible errors from 
evaporation or contamination. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. The equipment used for tensiometry and surface viscoelasticity measurements. 
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4.3.  Micro-interferometry of liquid thin films  
The method of micro-interferometry on a thin film pressure balance (TFPB) was developed 
in the early 20th century to study the stratification in liquid films (Perrin, 1918; Wells, 1921) and 
was later improved by others and widely used in order to study the drainage kinetics and stability of 
liquid thin films in foams and emulsions (Scheludko, 1965; Exerowa et al., 1997). This technique is 
capable of measuring temporal variation in the thickness of a thinning film with a claimed accuracy 
of ca. 0.5 nm (Karakashev et al., 2015). In this method, an initial thin layer of liquid is created in a 
film holder using a micro-syringe. Because of the capillary pressure, Pc, created at the menisci of 
the film surfaces, the film keeps draining until its thickness drops to about 200 – 300 nm (Yaminsky 
et al., 2010). At this film thickness, the interfaces begin to interact through the surface forces called 
the “disjoining pressure”. Then, the liquid film keeps draining under the influence of the disjoining 
pressure until it either ruptures or reaches an equilibrium thickness. Two types of information can 
be extracted from this experiment: the disjoining pressure of the films at equilibrium thickness, 
eqΠ , as well as the temporal variation of film thickness during the drainage process. The former is 
done by means of a TFPB device using a porous plate as the film holder in a pressurized chamber. 
The latter is measured using a common “Sheludko – Exerowa” cell under atmospheric pressure.  
A porous plate cell is depicted schematically in Fig. 4.3. It is composed of a horizontally-
positioned porous glass within a closed chamber. A hole with a diameter of 1 mm is drilled to the 
center of the porous plate, which is connected to an external barometer through a side tube. By 
manually changing the chamber pressure, Pg, the film thickness, H, and accordingly the height of 
water in the side tube, hc, changes. Disjoining pressure can then be calculated using the following 
equation: 
eq g atm c cP P P ghρΠ = − + − Δ                                                                                                            (4.1) 
where Patm is the atmospheric pressure, ρΔ  is the density difference between air and the solution 
and g is the gravitational constant. Also, Fig. 4.4 shows the common Sheludko cell used for the film 
drainage measurements. The film holder is a glass ring with an internal diameter of 3.8 mm which 
is connected to the micro-syringe through a side capillary tube. The film is initially created using 
the micro-syringe and is then allowed to drain under the influence of the capillary and surface 
forces. The film radius should be kept invariable as far as possible. Otherwise the changes in the 
capillary pressure might affect the film drainage rate. To avoid the unavoidable film shrinkage 
during the measurements, all cell connections should be sealed very well with water; the solution 
inside the cell should be thermostated to eliminate the convection which can potentially draw some 
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solution back from the bulk into the film, and the environmental vibrations should be minimized. 
Also, some sample solution should be poured into the closed cell to saturate the cell atmosphere in 
order to prevent evaporation from the film surfaces. Evaporation can add significant experimental 
errors to the results. 
In the case of both cells, the film thickness is calculated indirectly using a micro-
interferometry apparatus (Fig. 4.4). Its operating mechanism is also depicted in Fig. 4.3. White light 
with an intensity of I0 is shone onto the film and the reflected light intensity, I, is recorded in the 
form of interference patterns (Newton rings) using an inverted microscope (Nikon EPIPHOT 200) 
coupled with a CCD camera (Canon PSA640). In case the white light is preferred over a 
monochromated light, the recorded images should be monochromated digitally. Here, the recorded 
frames were digitized by means of ImageJ and were then monochromated using a green filter (546 
nm) before the relative values of the minimum, minI , and the maximum, maxI , intensities were 
extracted. Film thicknesses were then calculated using the following equation (Nguyen et al., 2004):  
min
max min
arcsin
2 f
I IH
n I I
π
π
 
−Λ
= ±  
− 
                                                                                              (4.2) 
where Λ  and fn  are the wavelength of the light and refractive index of the solution (film), 
respectively. 0,1, 2,...=  is the order of the interference which varies during the film drainage.  
 
Figure 4.3. A schematic illustration of a thin film pressure balance (TFPB) equipped with a porous 
plate on a micro-interferometry apparatus.  
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Figure 4.4. The pictures of (left) a common Sheludko cell and (right) a micro-interferometry 
apparatus used in the experiments.    
 
 
4.4. SFG spectroscopy  
The SFG spectrometer employed in this study was manufactured and assembled by EKSPLA 
and is shown in Fig. 4.5. The detailed working principles of the different units of this SFG 
spectrometer are not included here. Briefly, the spectrometer is composed of five main units which 
are schematically presented in Fig. 4.6. A power unit connected to a cooling system supplies the 
whole units with power. In the picosecond pump laser unit, solid state Nd:YAG laser generates the 
fundamental output pulses (1064 nm, 10 Hz) of 20 ps pulse-width. The second harmonic of the 
fundamental laser radiation is used as the visible beam (532 nm). The tuneable IR beam is 
generated in a three-stage optical parametric generator/amplifier/difference frequency generator 
(OPG/OPA/DFG) unit, based on LBO and AgGaS2 crystals. IR and visible beams are then directed 
to the spectroscopy module after energy and polarization control. In this unit, two beams are 
overlapped spatially and temporally on the sample. The geometry of the beams in this unit was kept 
constant for all measurements with the incident angles of 60VisΘ =
  and 54IRΘ =
 . An additional 
laser pointer was used to adjust the height of the solution surface using a manually-controlled lab 
jack. The generated SFG light is monochromated and then directed to the signal detection unit 
where a photomultiplier tube (PMT) is used.   
During the measurements, the temperature and humidity of the room were kept constant at 23 
± 1°C and 66 ± 2% to minimize environmental errors. All SFG spectra for water were recorded in 
the OH stretch region from 3000 cm-1 to 3800 cm-1 under the ssp polarization combination and for 
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hydrocarbon moieties in CH stretch region from 2800 cm-1 to 3000 cm-1 under both ssp and ppp 
polarization combinations. The samples were left in the sample holder for 5 minutes to equilibrate 
with the environment before starting each experiment. A z-cut quartz cube was used for signal 
optimization, and a water spectrum was recorded for further fine-tuning of the laser alignment. Five 
to ten spectra were recorded for each sample, and the averaged spectrum was de-convoluted using 
Eq. (3.9). OriginPro software was utilized for all spectral fittings.  
Figure 4.5. Different composing units of the SFG spectrometer used in this thesis.     
 
Figure 4.6. The SFG spectrometer optical layout.    
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5.1. Abstract 
The Gibbs adsorption isotherm has been considered as the foundation of surfactant 
adsorption studies for over a century; however, its application in determining the limiting surface 
excess has recently been intensively discussed, with contradictory experimental evidence either 
supporting or refuting the theory. In addition, some recent models have proposed surfactant 
adsorption at thick interface layers, introducing a new concept of surface excess, which is 
conceptually different from the conventional surface excess definition by the Gibbs approach. Here, 
we utilize a powerful intrinsically surface-sensitive technique, vibrational SFG spectroscopy, 
complemented with conventional tensiometric measurements to address these controversies both 
quantitatively and qualitatively. SFG results revealed that the precipitous decrease in surface 
tension directly corresponds to surface occupancy by adsorbates. In addition, the Gibbs analysis 
was successfully applied to the soluble monolayer of a surface-active alcohol, MIBC, to full 
saturation. However, the full saturation of the topmost monolayer did not necessarily mean that the 
surface adsorption was completed because the adsorption was observed to continuously occur at the 
under-monolayer region soon after the topmost monolayer became saturated. Nonetheless, the 
Gibbs isotherm failed to account for the excess alcohol adsorbed at this under-monolayer region. 
This new concept of surface excess must, therefore, be treated thermodynamically. 
5.2. Introduction  
As per our discussion in Section 2.f3, the linear part of a surface tension plot requires that 
the GAI, Eq. 2.21, should produce a single value of surface excess, implying a fully saturated 
surface throughout this linear part. This purely mathematical reasoning does not appear to be 
physically sensible. The GAI expresses that an increase in the bulk surfactant activity should lead to 
a decrease in the surface tension throughout the adsorption process. The adsorption of surfactants, 
and thus, the surface tension plot should consequently level off at the CMC point because their bulk 
activity is expected to remain constant above the CMC (Li et al., 2013). Therefore, it is difficult to 
conceive how the solution surface tension can keep decreasing sharply even after the full surface 
saturation where the bulk surfactant molecules have no physical interaction, i.e. adsorption, with the 
surface. We discussed that this paradox was first argued by Menger and then others, as they 
suggested that the surface is actually not saturated until the concentrations are near, or even above, 
the CMC point. Instead, the progressive adsorption of surfactants was proposed. The traditional 
belief that the surface tension should become constant as soon as the surface becomes fully 
saturated originates from the assumption that surfactants adsorb at the surface in the form of a 
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monolayer. Since this monolayer has a limited occupation capacity, its saturation is then considered 
as the end of the adsorption process. Our findings in this chapter, however, show otherwise.  
Recently, alternative adsorption geometries such as bimolecular adsorption at deeper layers of 
the fluid – liquid interface have been proposed for soluble surfactants using a variety of 
experimental techniques such as Brewster angle microscopy (Moroi et al., 2004), evaporation rate 
measurements (Rusdi et al., 2005b), pyrene fluorescence spectroscopy (Humphry-Baker et al., 
2006), surface tension (Rusdi et al., 2005a) and surface potential measurements (Nakahara et al., 
2008, Nakahara et al., 2005). It was suggested that well-organised aggregates of soluble surfactants 
could be present at deeper layers of the interface and that these aggregates could even contribute to 
the surface tension decrease through the re-organisation of the interfacial water molecules. Also, the 
primary plateau in surface tension plots, i.e. Region I in Fig. 2.4, has been attributed to the surface 
monolayer saturation, while the transition from Region I to Region II has been related to the 
formation of the mentioned subsurface structures. Nakahara et al. speculated that the sharp linear 
decrease in Region II occurred because of the interfacial water restructuring caused by these 
subsurface aggregates while the conventional surface excess remains almost constant (Nakahara et 
al., 2005, Nakahara et al., 2008). This proposed subsurface adsorption depicts a new picture of the 
interfacial adsorption geometry and might require a new definition of the surface excess concept. 
This would differ markedly from the traditional surface excess definition for the monolayer 
adsorption geometry that has given rise to the abovementioned Gibbs analysis paradox.     
 In this chapter, we thus address the Gibbs paradox by accounting for the possibility of such 
hypothesized subsurface structuring using SFG spectroscopy. We study the adsorption of MIBC 
alcohol which forms a stable, well-oriented surface adsorption layer (Nguyen et al., 2017) whose 
saturation can be straightforwardly studied over a wide range of concentrations and without any 
disruption by micellization. Furthermore, because of the good water solubility of MIBC, the 
thermodynamic equilibrium required by the GAI between the bulk and the adsorption layer can be 
easily established. The experimental evidence provided by our SFG measurements agrees with a 
number of previous reports related to the subsurface adsorption geometry and validates the 
applicability of the GAI in the analyses of monolayer adsorption, but on the other hand, invalidates 
its applicability in analyzing the subsurface adsorption.   
5.3. Theoretical aspect 
In Section 3.2.2 we discussed that the experimentally measured (2)effχ  is proportional to both 
the number density of oscillators and the averaged orientational order of the interfacial molecules: 
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(2) (2)
0
eff
LL Nχ χ β
ε
= ⋅ =                                                                                                                 (5.1) 
where L is the combined Fresnel factor. Now we consider two different scenarios. In the first 
scenario, we have an adsorption layer containing N alcohol molecules. We record the SFG spectrum 
for this adsorption layer under two polarization combinations of ssp and ppp. Since the number of 
alcohols is constant for both experiments, then the ratio of the measured susceptibilities for certain 
vibrational modes should be a function of only the molecular tilt angle, as deduced from Eqs. (3.10) 
to (3.16): 
( )
(2)
,
(2)
,
eff ppp ppp
eff ssp sspN
f
βχ ϕ
χ β
 
∝ =   
                                                                                                          (5.2) 
In other words, if the ratio (2) (2), ,eff ppp eff sspχ χ  is measured for different surface coverages, i.e. 
, , ,...N N N′ ′′ , a plot of (2) (2), ,eff ppp eff sspχ χ  versus bulk alcohol concentration can be used to follow the 
tilt angle variation with surface coverage. A horizontal line will show that the tilt angle of the 
adsorbed alcohols does not change with surface coverages.  
In the second scenario, we have two adsorption layers with different numbers of alcohols for 
each, i.e. N and N ′ . From Eqs. (3.13) and (3.14) one can expect that the refractive index of the 
interface, and consequently the Fresnel factor, does not vary much with the surface coverage at high 
concentrations, as long as the SFG measurement geometry is the same for two interfaces. Therefore, 
the ratio of the susceptibilities measured experimentally for both adsorption layers under the same 
polarization combinations, i.e. either ssp or ppp, is given by: 
(2) (2)
, ,
(2) (2)
, ,
eff N eff N N
eff N eff N Nppp ssp
N
N
βχ χ
χ χ β
′ ′ ′
   
= =   
′      
                                                                                               (5.3) 
At high surface coverages near full saturation, the tilt angle of the short-chain alcohol molecules 
may vary only slightly with the bulk concentration, i.e. 
N Nβ β ′≈ . In this case, the above ratio 
will be almost equal to the proportion of the number densities of alcohols at each adsorption layer:  
(2) (2)
, ,
(2) (2)
, ,
eff N eff N
eff N eff Nppp ssp
N
N
χ χ
χ χ
′ ′
    Γ
= ≈ ≈   
′ ′Γ      
                                                                                                (5.4) 
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5.4. Experimental details 
All materials and sample solutions were prepared as clarified in Section 4.1 and the 
equilibrium surface tension of all samples was measured following the procedure explained in 
Section 4.2. The minimum area per MIBC molecule at the topmost adsorption layer, MIBC
σα , was 
calculated by the following equation:  
1810
MIBC
A MIBCN
σ
σ
α =
⋅Γ
                                                                                                                           (5.5) 
where AN  (
23 16.022 10  mol−= × ) is Avogadro’s number and MIBC
σΓ  is the maximum excess of 
MIBC molecules at the topmost adsorption layer. The spectrometer, experimental setup and 
geometry of the SFG measurements are all explained in Section 4.4. The SFG signal was 
normalized by simply dividing the measured signal intensity by the intensities of both IR and 
visible laser beams and then multiplying by a large integer 106: 
610
Measured
Normalized SFG
SFG
IR Vis
II
I I
= ×
⋅
                                                                                                                 (5.6) 
The recorded SFG spectra were deconvoluted using Eq. (3.9) and the individual bands were 
assigned to the CH stretch modes according to the discussion in Section 3.3.3. The individual bands 
are depicted in Fig. 5.1 and the extracted peak features are listed in Table 5.1.    
 
Figure 5.1. Deconvolution of the SFG spectra for 30 mM MIBC solution under (a) ssp and (b) ppp 
polarization combinations. The black lines represent the overall best fits to the spectra. The 
coloured lines are the individual bands assigned to different CH stretch modes.   
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Table 5.1. Peak features extracted from the spectral fitting for a 30 mM MIBC solution. 
Peak assignment  υω  (cm
-1)
 ssp  ppp 
Aˆυ    υϒ   Aˆυ    υϒ  
CH2 sυ   2840  151.47  13.05  -  - 
CH3 sυ   2875  556.57  7.93  30.50  4.76 
CH2 asυ   2920  31.62  6.01  -  - 
CH3 asυ   2965  115.44  6.83  405.82  7.37 
CH2 FRυ   2905  -155.72  4.12  117.85  12.63 
CH3 FRυ   2945  437.68  10.09  119.05  8.74 
 
5.5. Results and discussion  
5.5.1. Monolayer adsorption at the air – water interface 
The obtained SFG spectra for the aqueous solutions of MIBC are shown in Fig. 5.2 where 
the measured SF intensity is normalised by Eq. (5.6). Throughout the studied concentration range (5 
– 30 mM), the spectra are obviously dominated by the methyl group stretches. In the absence of 
conformational transformations, the measured (2)
eff
χ  can be related to the contribution from all 
interfacial MIBC molecules if the orientational details of the adsorption layer are also available. To 
achieve this, the spectra must be analysed quantitatively. 
Figure 5.2. IR- and visible-normalised SF spectra recorded for various concentrations of MIBC in 
water under (a) ssp and (b) ppp polarization combinations. The solid lines represent the best overall 
fits to the spectra. Note that the spectra are offset by different values for clarity. 
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From the spectral fitting explained in Section 5.4, the values of (2)effχ  were determined for 
both ssp and ppp polarization combinations and the (2) (2)ppp sspχ χ  ratio was calculated in order to 
track the variation of the molecular tilt angle with the MIBC bulk concentration. Previous 
calculations of the MIBC’s tilt angle have revealed that the C-O bonds of MIBC molecules are 
tilted at an average angle of 39±2° against the surface normal, as depicted in Fig. 5.3 (Nguyen et al., 
2017). With this configuration, the orientation of the OH groups of MIBC molecules is very similar 
to that of the hydrogen-bonded OH of the interfacial water molecules. Fig. 5.4-(a) shows that the 
(2) (2)
ppp sspχ χ  ratio varies only slightly from 0.83 at 5 mM to 0.78 at 20 mM, where it finally levels 
off. This minimal variation in (2) (2)ppp sspχ χ  corresponds to a maximum fluctuation of about 5° in the 
tilt angle of MIBC molecules. The hydrogen bonding of the OH group of MIBC molecule with the 
interfacial water molecules apparently has a stabilizing effect that pins the molecules onto the 
surface and restricts their motion. Nevertheless, the (2)effχ  values detected in both ssp and ppp 
polarization combinations, which are proportional to the square root of the SF intensity according to 
Eq. (3.7), sharply increase as the bulk MIBC concentration increases from 5 to 12.5 mM. Because 
the variation in the tilt angle, φ, is minimal, this sharp intensity increase is mainly attributed to the 
continuous adsorption of MIBC molecules, i.e. an increase of N in Eq. (3.15), at the topmost 
monolayer. We earlier mentioned that the molecular dynamics simulations of some homologous 
alcohol solutions have already revealed the formation of an adsorption monolayer well below the 
full surface saturation in which the alcohol molecules interact only with a few outermost layers of 
the interfacial water (Abrankó-Rideg et al., 2013). For the MIBC concentrations above 12.5 mM, 
(2)
sspχ  keeps increasing slightly to its maximum value at 20 mM, while (2)pppχ  seems to have remained 
almost constant. Because (2) (2)ppp sspχ χ  also reaches its minimum at this point, a stable and fully 
saturated monolayer of adsorbed MIBC molecules is expected to be formed at the MIBC 
concentrations higher than 20 mM. 
 
 
 
 
 
 
Figure 5.3. The orientation of the adsorbed MIBC molecules at water surface (Nguyen et al., 2017). 
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Figure 5.4. Variation of (2)effχ  under (○) ssp and (■) ppp polarization combinations and (●) 
(2) (2)
ppp sspχ χ  with the concentration of (a) MIBC in water, (b) MIBC in 2M NaCl solution, (c) NaCl in 
10 mM MIBC solution, and (d) NaCl in 20 mM MIBC solution. 
 
Such a well-ordered monolayer expectedly creates a net surface potential that originates 
from the electric dipoles of the adsorbed MIBC molecules. Previous studies have revealed the 
formation of an electrical double layer that generates a moderate surface potential in MIBC and n-
hexanol solutions (Nguyen et al., 2013, Phan et al., 2012). Similar to ionic surfactants, the 
adsorption of MIBC is therefore expected to increase, even moderately, in the presence of salts. 
According to Fig. 5.4-(b), the addition of 2 M NaCl shifts the monolayer saturation point from 20 
mM (in the absence of NaCl) to ~15 mM, where the ssp intensity and the (2) (2)ppp sspχ χ  ratio become 
almost constant within the experimental error (The spectra are provided in Appendix II - Fig. II-1). 
Such a small shift is attributed to partial shielding of the lateral electrostatic repulsion between the 
MIBC dipoles by Na+ and Cl- ions close to the adsorption layer. The variation of (2) (2)ppp sspχ χ  with 
MIBC concentration is greater here (> 0.1) compared to the salt-free MIBC solution (~0.05). The 
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MIBC molecules seem to have more freedom of motion at lower surface packing, probably because 
of the disruption of the hydrogen bonding between MIBC and the interfacial water molecules by the 
salt ions. Nevertheless, the variation in (2) (2)ppp sspχ χ  is sufficiently small to neglect the changes in the 
average tilt angle. Furthermore, the final value of (2) (2)ppp sspχ χ  (~0.76) is approximately the same as 
that of the salt-free solution (~0.78). This result indicates that compression of the saturated MIBC 
monolayer by such a high concentration of NaCl has only a slight effect on the tilt angle of the 
adsorbed molecules. The dipole – dipole repulsion and the steric effect of alkyl chains do not appear 
to be sufficiently strong to dominate the stabilizing effect of the hydrogen bonding of the OH 
groups with the surrounding water molecules.  
Fig. 5.5-(a) shows the surface tension plots for MIBC solutions with and without 2 M NaCl. 
Despite the appearance of the plots, it is difficult to judge whether Region II is linear or curved 
visually. To overcome this problem, we fitted the plots using both a linear and a third-order 
polynomial equation (Mukherjee et al., 2013). The obtained slopes were then substituted into Eq. 
(2.21) in order to calculate the surface excess values. The surface excess determined by polynomial 
fitting will, therefore, be increasing continuously (Fig. 5.5-(b)). The SFG measurements 
successfully and independently identified the concentration at which surface monolayer becomes 
fully saturated. Hence, the GAI-calculated surface excess values for 20 mM MIBC and 15 mM 
MIBC/2M NaCl solutions were taken as the surface excess of MIBC at monolayer saturation (Table 
5.2).  
Figure 5.5. (a) Surface tension data measured for MIBC solutions by (○) us, (×) (Khoshdast et al., 
2012), and (□) (Comley et al., 2002) and for MIBC/2M NaCl solutions by (◊) us and (●) (Phan et 
al., 2012). The 15 mM and 20 mM labels represent the topmost monolayer saturation concentrations 
in the presence and absence of 2M NaCl, respectively. (b): Surface excess values calculated by GAI 
using third-order polynomial fitting for (●) MIBC and (□) MIBC/2M NaCl solutions.  
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Table 5.2. The adsorption parameters extracted from the surface tension plots using GAI. 
 
 
 
 
 
 
Table 5.2 lists the calculated results. As evident from the table, a linear fit satisfactorily 
agrees with a polynomial one. Using the linear fit, the surface excess of MIBC at the monolayer 
saturation, therefore, becomes 4.4 and 5.0 μmol.m-2 in the absence and in the presence of 2M NaCl, 
respectively. In other words, the GAI predicts that the addition of 2M NaCl to an MIBC solution 
will increase the saturation adsorption of MIBC by only ~14%. Compared to ionic surfactants 
(Rosen, 2004), this small increase in the presence of such a high concentration of salt confirms that 
dipole – dipole repulsions and steric effects are not very strong in the case of MIBC. Nonetheless, 
the increase of pC20 from 1.75 to 2.15 indicates an increase in adsorption efficiency; i.e., MIBC 
molecules tend to fill the surface monolayer faster, but the final amount of the surface excess is only 
14% higher compared to the MIBC/water solution. The observed increase in adsorption efficiency 
is attributed to the decrease in water solubility of MIBC. The solubility of MIBC at 20 °C is ~170 
mM (Crozier et al., 1989); this solubility was observed to decrease to ~50 mM in the presence of 
2M NaCl and even further decreased to 20 mM in the presence of 4M NaCl so that the MIBC 
droplets were apparently floating on the solution surface. As the salt ions are added, the water 
molecules favourably solvate them, thereby expelling the MIBC molecules from the bulk towards 
the interfacial region.     
As evident in Figs. 5.4-(a) and 5.4-(b), both (2)sspχ  and (2)pppχ  have bigger values in the 
presence of 2 M NaCl. It was previously discussed that the average tilt angle of MIBC molecules at 
saturation is not substantially affected by the presence of NaCl. Thus, this increment is caused by 
the increase in MIBC adsorption, as also predicted by the GAI. Because the increase of surface 
excess does not result in a considerable change in the local electrical field (Zhuang et al., 1999), the 
refractive index of surface monolayer and the Fresnel factors for the saturated monolayers of MIBC 
Adsorption Parameter  MIBC  MIBC + NaCl 
saturationΓ  (μmol.m-2) 4.4
a 
4.3
b 
5.0
c
5.0
d
 
saturationα  (Å
2
.molecule-1) 38  33 
saturationγ  (mN.m-1) 51  47 
pC20 1.75  2.15 
a 24.94log 82.683cγ =− +   
b 3 20.8106 (log ) 5.0804 (log ) 6.5192 log 69.482C C Cγ = − × − × − × +   
c 28.62log 80.817Cγ =− +   
d 3 20.4728 (log ) 6.654 (log ) 10.992 log 70.001C C Cγ = − × − × − × +   
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should not vary much in the presence of NaCl. According to the discussion in Section 5.3, we then 
have:  
(2) (2)
(2) (2)
GAI
1.14
NaCl MIBC
NaCl MIBC NaCl MIBC saturation
MIBC
MIBC MIBC saturationssp ppp
N
N
χ χ
χ χ
+
+ +
     ′ Γ
≈ ≈ ≈ =     Γ     
  (5.7) 
That is, the ratio of the measured susceptibilities should be similar, within experimental 
error, to the proportion of the GAI-calculated surface excess values using a linear fit. If so, this 
finding would be a mutual validation of both Gibbs analysis and our experimental SFG method.  
Fig. 5.6-(a) illustrates the measured ( 2 )effχ ratio for different MIBC concentrations in the 
presence and absence of NaCl. The ratio clearly decreases from 1.28 to approximately 1.13 and 
1.09 for ssp and ppp measurements, respectively, and finally becomes constant at ~20 mM where 
both surface monolayers are fully saturated. This result indicates that the population of MIBC at a 
saturated monolayer increases by approximately 9 – 13% upon the addition of 2M NaCl. Although 
the value obtained from ppp measurements (~9%) differs from the value predicted by the GAI 
(~14%), ssp measurements appear to provide a more reliable result (~13%) that is meaningfully 
close to the GAI-calculated value. The Fresnel factor of the ssp polarization combination is greater 
than that of the ppp polarization combination by a factor of 3. The ssp SFG signals are thus more 
sensitive and reliable than the ppp SFG signals. This small difference between the GAI and SFG 
results is acceptable regarding the following errors: (i) the experimental errors during SFG and 
surface tension measurements; (ii) the fitting errors; and (iii) the slight variations in molecular tilt 
angle and Fresnel factors that were assumed to be negligible during our calculations. Thus, we 
believe that the agreement between the GAI calculations and our experimental SFG results is 
excellent and the linear fitting of surface tension data beyond monolayer saturation apparently gives 
reliable values for the surface excess of MIBC molecules at the topmost surface monolayer. When 
the Fresnel factors are known, and the orientation distribution of adsorbed MIBC molecules has 
been calculated, the absolute number of MIBC molecules at monolayers can also be calculated. 
Notably, however, the contribution of the aforementioned errors may result in values that differ 
substantially from the 
∞
Γ values predicted by the GAI, and thus, will not be useful in interpreting 
the validity of Gibbs analysis. However, in the case of ( 2)effχ ratios, the contribution of errors to the 
denominator and numerator will cancel out each other to a great extent, giving more consistent 
results.   
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Figure 5.6. (a) Variation in the ratio between the susceptibilities in the presence of 2M NaCl 
( (2)NaCl MIBCχ + ) and in the absence of salt ( (2)MIBCχ ) with MIBC concentration. (b) Variation in the ratio 
between the susceptibilities in the presence of 20 mM MIBC ( (2)20χ ) and 10 mM MIBC ( (2)10χ ) with 
NaCl concentration measured with (●) ssp and (□) ppp polarization combinations.  
 
We already mentioned that the micellization of conventional nonionic surfactants right after 
the surface saturation is directly reflected in their surface tension plots in the form of a CMC point 
at which the plot levels off because the bulk activity is almost constant in the presence of micelles 
and the addition of surfactant molecules to the surface stops. As a result, the surface tension plot 
becomes linear immediately below the CMC, thereby enabling the GAI to be used successfully. In 
the case of MIBC, with no CMC, the surface tension still continues to decrease sharply even after 
the full monolayer saturation. Fig. 5.5-(a) demonstrates that the slope does not change around 
monolayer saturation. Thus, the linear fit to the post-saturation part of the surface tension plot gives 
reliable results using the GAI, as previously confirmed by the measured ( 2 )effχ  ratios (Fig. 5.6-(a)). 
These SFG results along with the others experimental findings (Li et al., 2013, Li et al., 2014, 
Menger et al., 2011, Xu et al., 2013, An et al., 1996), demonstrate that adsorption may progress 
throughout Region II. Thus, the surface cannot be already saturated in the beginning of Region II. 
We conjecture that the Gibbs analysis paradox originated from the assumption that region II is 
perfectly linear from its beginning to the CMC; however, we have demonstrated here that the visual 
evaluation of the linearity of the surface tension plot can lead to such misinterpretations. Both linear 
and polynomial equations fitted our surface tension data very well (R2 = 0.999), showing that a 
linear or sigmoid shape of Region II is difficult to identify just visually. In this regard, surface-
sensitive techniques such as SFG can effectively provide a direct approach to tracking surface 
saturation.  
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5.5.2. Under-monolayer adsorption at the air – water interface 
One may wonder how MIBC molecules behave in bulk after the monolayer saturation, 
knowing that they do not aggregate. The elucidation of such behaviour will also reveal the origin of 
the continuing surface tension decrease after monolayer saturation. We investigated the adsorption 
behaviour of solutions with constant MIBC concentrations of 10 and 20 mM in the presence of 
0.25, 0.5, 1, 2, and 3 M NaCl. In the previous section, we found that the solution surface becomes 
fully saturated only at 20 mM MIBC concentration in the absence of salt. Therefore, the solution 
surface should be only partially saturated in a 10 mM MIBC solution. The variation of both ( 2 )effχ  
and the (2) (2)ppp sspχ χ  ratio is thus expectedly small for these concentrations, as can be seen in Figs. 
5.4-(c) and 5.4-(d). The recorded spectra for these solutions are provided in Fig. II-2 and Fig. II-3 of 
Appendix II. As the concentration of NaCl reaches approximately 1M, the measured ( 2 )effχ  values 
begin to vary less, indicating that surface monolayer is almost saturated. In the case of 20 mM 
MIBC solution, the surface monolayer actually switches from saturated in the absence of NaCl to 
saturated in the presence of NaCl as the salt concentration rises from 0 to 3 M. Based on the 
previous discussion, we expect that the final increase in the magnitude of ( 2 )effχ  should approach the 
GAI-calculated value of ~14% for the surface excess in the salt solution (Eq. (5.7)). The data labels 
in Fig. 5.4-(d) show the percentages of increase in ( 2 )effχ value. Once again, our SFG measurements 
confirm that the surface excess at monolayer saturation increases by nearly 14% in the presence of 
NaCl, demonstrating an excellent agreement with the GAI-calculated values.  
Fig. 5.7 illustrates the results of the surface tension measurements for 10 mM, 15 mM, and 
20 mM MIBC solutions containing various concentrations of NaCl. The surface tension begins to 
decrease sharply only after the addition of 1M NaCl, where the surface monolayer was already 
observed to be nearly saturated. Because the addition of NaCl noticeably reduces the water 
solubility of MIBC, the bulk activity of MIBC decreases. According to the GAI, the surface tension 
should correspondingly increase; however, it does not. Instead, a substantial decline as large as 10 
mN.m-1 in the surface tension is observed upon the addition of 4M NaCl to 20 mM MIBC solution. 
Furthermore, the final ( 2 )effχ  values for both 10 mM and 20 mM MIBC solutions, i.e. 
(2)
10χ and
(2)
20χ , 
are expected to be the same at full monolayer saturation. Fig. 5.6-(b) clearly confirms this, as 
(2) (2)
20 10χ χ value becomes constant at about 1.02. If the monolayer adsorption were the only process 
to affect solution surface tension, then the surface tension for both of these solutions would have the 
same value after monolayer saturation. However, a noticeable difference of ~6 mN.m-1 between the 
surface tensions of two solutions suggests otherwise (Fig. 5.7). This difference would be 
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traditionally attributed to the difference in the bulk activities of MIBC through the GAI. In this case, 
the surface tension of 15 mM MIBC solution should also have been different from that of both 
solutions. However, the surface tensions of the 15 mM and 20 mM MIBC solutions interestingly 
begin to converge immediately after the addition of ~1M NaCl (Fig. 5.7).  
 
Figure 5.7. The surface tension of (□) 10 mM, (●) 15 mM, and (×) 20 mM MIBC solutions in the 
presence of various NaCl concentrations. All measurements were performed at 23±1 °C. 
 
All these experimental observations clearly demonstrate that the sharp surface tension 
decrease in Fig. 5.7 is caused neither by monolayer adsorption nor by the increase in the bulk 
concentration of MIBC, as is mathematically inferred from the GAI. We here hypothesize an 
alternative model that successfully explains the aforementioned observations through the 
progressive adsorption of MIBC molecules at the under-monolayer region even after the full 
saturation of the topmost surface monolayer. The blindness of SFG to deeper layers of the surface 
precludes the direct investigation of under-monolayer adsorption. The competition between MIBC 
molecules and salt ions for being solvated by water molecules inside the bulk forces them to 
migrate toward the interfacial region. In addition, unlike the long-chain alcohols such as n-
dodecanol, which is also capable of aggregating in bulk, the relatively shorter chain length of MIBC 
and the location of its OH group makes it difficult for the molecule to form stable aggregates inside 
the bulk in order to avoid unfavourable water – tail interactions. Aggregation, in this case, may 
require the deformation of OH solvation shell or disturbance of its hydrogen-bonding network 
because of its inner location on the hydrocarbon chain. Hence, even if the surface monolayer is 
already saturated, the under-monolayer region will still be accessible for MIBC molecules as an 
additional adsorption site. The under-monolayer adsorption would apparently make the main 
contribution to the decrease in the solution surface tension observed in Fig. 5.7. After the full 
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saturation of the surface monolayer, the number of bulk MIBC molecules that are replaceable by the 
salt ions continues to drop with NaCl concentration. Because the molar fraction of MIBC is smaller 
in the 10 mM MIBC solution, the number of the bulk MIBC molecules that can adsorb at the under-
monolayer region will also be lower in comparison to the two other solutions. As a result, the 
under-monolayer excess is expected to be smaller for the first solution than that for the other two 
solutions. However, in the case of 15 mM and 20 mM MIBC solutions, a substantial number of 
MIBC molecules still remain inside the bulk even after monolayer saturation. In the presence of the 
same NaCl concentration, the number of the replaced MIBC molecules, the under-monolayer excess 
and the resulting decrease in solution surface tension will be nearly the same for the 15 mM and 20 
mM MIBC solutions but substantially different from those for the 10 mM MIBC solution. These 
results suggest the availability of the under-monolayer region for further MIBC adsorption right 
after the full coverage of the topmost monolayer. Similarly, in the proposed model, the precipitous 
linear decrease of surface tension after the full monolayer saturation in Figs. 5.5-(a) can be 
attributable to the continuing under-monolayer adsorption.  
Consistent with our findings, other researchers have also reported similar observations 
regarding the structuring of soluble surfactants at deeper layers of water surfaces. Neutron specular 
reflection studies of tetradecyltrimethylammonium bromide (TTAB) solution have revealed the 
adsorption of a layer of aggregated micelles at concentrations far greater than the CMC, with its 
centre located approximately 90 Å from the centre of the surface monolayer. A depletion layer 
containing only water molecules has also been proposed to exist between the two surfactant layers 
(Lu et al., 1993). The ordering of this water layer might be another reason for the changes in 
solution surface tension and surfactant adsorption (Humphry-Baker et al., 2006). Interestingly, this 
model has also been confirmed by computer simulations (Smit et al., 1991). Another model 
suggests that the structure of the adsorbed layer of soluble surfactants differs from that of 
conventional surface monolayers of insoluble surfactants. Whereas the latter is located on the 
outermost layer of the air – water surface, the former is in the form of a bimolecular layer located 
“at a certain distance below the surface” (Humphry-Baker et al., 2006, Nakahara et al., 2005, Moroi 
et al., 2004, Rusdi et al., 2005a, Rusdi et al., 2005b). However, this model was later modified by 
surface potential measurements to consider a soluble monolayer that is adsorbed at the topmost 
surface layer with an adsorbed bilayer lying some distance beneath this monolayer. A depletion 
layer of the ordered water molecules was also proposed to be located between the two surfactant 
layers. The linearity of surface tension plots has also been related to the formation of this immersed 
surfactant bilayer, during which the surface excess of the topmost monolayer remains constant, but 
the rearrangement of the confined interfacial water molecules may reduce the solution surface 
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tension (Nakahara et al., 2008). This model is very similar to the one suggested by Lu et al (Lu et 
al., 1993). Further evidence for such a multilayer adsorption at an air – water interface is also 
discussed by others (Thomas et al., 2015).  
Despite the aforementioned models generally being in excellent agreement with our current 
findings, some substantial differences exist in the details. First, the strong SF spectra from MIBC 
solutions clearly indicate the presence of an adsorbed monolayer, in contrary to some suggested 
models (Rusdi et al., 2005b, Moroi et al., 2004). Second, the inability of MIBC molecules to form 
micelles eliminates the possibility of micellar aggregation at deeper layers of the surface, as 
previously proposed (Smit et al., 1991, Lu et al., 1993). Finally, the formation of an immersed 
bilayer instead of a surface monolayer cannot be expected for MIBC because a bilayer would not be 
SFG-detectable, as per our discussion in Section 3.2.3. We refer again to the MD simulations that 
found some homologues alcohols to interact with only the topmost interfacial water layer at lower 
surface coverages but the second layer of alcohol molecules appeared right beneath the topmost 
monolayer after the full monolayer saturation (Abrankó-Rideg et al., 2013). With this regard, it is 
proposed that MIBC molecules adsorb at the under-monolayer region where their surface excess is 
not actually accounted for by the GAI using a linear fit to the surface tension data. It should be 
noted that the real structure of this under-monolayer region still remains open to further 
investigations. The proposed model is schematically illustrated in Fig. 5.8.  
 
 
 
 
 
 
 
Figure 5.8. Schematic illustration of the proposed under-monolayer adsorption of MIBC molecules. 
 
5.6. Conclusion 
For the first time, we applied SFG to study the adsorption of a very special surface-active 
alcohol, MIBC, in order to address the recent controversy over the applicability of the GAI to the 
analysis of surface tension data. Qualitatively, SFG was employed to directly monitor the formation 
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of a fully saturated surface monolayer, independently of the bulk. Within experimental error, our 
quantitative approach also successfully demonstrated that the linear fit to the post-saturation part of 
the surface tension plot gives reliable values for the surface excess of the adsorbed monolayer at its 
full saturation, implying that the plot actually becomes linear only after full monolayer saturation. 
Unlike the aggregating nonionic surfactants, the non-aggregating MIBC molecules will have access 
to the under-monolayer region as another adsorption site. Although the GAI can successfully 
predict the surface excess of the topmost monolayer through the linear fitting, it clearly fails to 
account for the additional surface excess adsorbed in the under-monolayer region. This is 
understandable since the Gibbs convention assumes that any adsorbate making contribution to the 
solution surface tension should be a part of the Gibbs dividing surface. We discussed in Section 2.4 
that Guggenheim convention could easily explain the proposed under-monolayer adsorption. 
Further arguments will be made in this regards in Chapter 6. Here, the under-monolayer adsorption 
was observed to contribute substantially to the solution surface tension; i.e., the actual surface 
excess of MIBC is higher than what is calculated by the GAI for the saturated monolayer. As a 
consequence, a new concept of surface excess emerges. Because the under-monolayer region did 
not contribute to the SF signal, neither its structure nor its composition could be investigated by 
SFG spectroscopy. We proposed that a second layer of MIBC adsorbed immediately beneath the 
topmost monolayer, in accordance with computer simulations (Fig. 2.14).  
In summary, although the linearity of the lower part of surface tension plots was observed to 
be correlated with the full saturation of the topmost surface monolayer, it never represented the end 
of the adsorption process at the interfacial region. Instead, our alternative under-monolayer 
adsorption model suggests that adsorption of MIBC molecules can still take place at a deeper part of 
the surface. This type of adsorption geometry cannot be explained by the conventional Gibbs 
model. Therefore, the post-saturation surface tension decrease in Region II would give rise to the 
Gibbs paradox. It was demonstrated, at least for MIBC, that the saturation of the topmost monolayer 
does not necessarily mean a completed adsorption process. The importance of the experimental 
evaluation of a surfactant system before choosing a model to extract its thermodynamic adsorption 
data is also apparent. A certain surfactant system may have specific physico-chemical 
characteristics and adsorption behaviour of its own that can only be understood through direct 
surface-sensitive methods rather than by the intrinsically-generic classical models, as we 
demonstrated here for the adsorption of MIBC molecules. 
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6.1. Abstract 
The surface saturation of solutions of three low-molecular-weight surface-active alcohols 
was identified independently of bulk solution using SFG spectroscopy. Tensiometry showed that 
the surface tension of alcohol solutions kept decreasing uniformly and considerably even after the 
full saturation of the adsorption monolayer. The Guggenheim concept of the extended interface was 
employed to attribute this observation to the ongoing adsorption of alcohol molecules beneath the 
saturated topmost adsorption layer. The investigation of the dynamic behavior of thin liquid films of 
the alcohol solutions revealed the tremendous effect of under-monolayer adsorption on the 
rheological characteristics of the surface. The under-monolayer region was found to function as a 
supplementary source of alcohol molecules. The fast diffusion of alcohol molecules from the under-
monolayer region to the topmost adsorption layer imposed a buffering effect on the dynamic 
response of the surface through diminishing the surface tension gradient created by the surface 
expansion. This resulted in a sudden drop of the surface elasticity and consequently faster-decaying 
foam. While equilibrium surface tension did not distinguish between the monolayer and the under-
monolayer, dynamic properties of a fluid surface seemed to be sensitive to the adsorption geometry. 
6.2. Introduction 
It whas already been discussed in Chapter 2 that the geometrical definitions of fluid 
interfaces are different for the Gibbs and the Guggenheim conventions, although the 
thermodynamic treatment of both models is the same. It should be mentioned that the notion of 
monolayer adsorption is still dominant within the community and has well proved correct for many 
surfactant systems. This can be explained by the community’s major curiosity about 
thermodynamics/kinetics rather than the geometry of adsorption. It would, however, be informative 
and helpful to know how the geometry of adsorption could affect the physicochemical properties of 
interfaces and how one could experimentally distinguish between the Gibbs and the Guggenheim 
models of fluid interfaces. There are only a few papers in the literature to date that have addressed 
this issue (Wantke et al., 2001; Wantke et al., 2005). Chapter 5 presented an example of how the 
monolayer adsorption could arouse controversy over the Gibbs analysis of the surface tension data. 
In addition, the well-accepted assumption that surfactants form an adsorption monolayer at the air – 
water interface until the CMC point, indeed cannot explain the observation of a maximum in foam 
stability at certain optimal concentration, Copt, of low-molecular-weight surfactants (Scheludko, 
1963; Bartsch, 1926, 1924). This optimal concentration is usually a little bit smaller than the CMC 
value (Copt < CMC). Hence, the adsorption of the surfactants does not presumably reach its maximal 
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value at Copt (Γ < Γ∞). The further increase in the concentration of the surfactant should then make 
the adsorption monolayer denser, eventually approaching Γ
∞
 value, corresponding to more stable 
foams. On the other hand, at C > Copt the foam becomes more unstable rather than more stable. 
According to Adam, the surfactant concentrations, which are a little bit smaller than the CMC 
value, belong to the last part of the surface tension isotherm at which dγ/dc≈0, while the maximum 
foam stability should correspond to the maximal value of dγ/dc (Adam, 1947). For this reason, 
Adam assumed that the maximum foam stability at Copt < CMC could be explained by some 
experimental imprecision. However, such an explanation is superficial, and the main cause of this 
observation remains a mystery.   
With regard to the previous observations of the effect of adsorption geometry on the 
dilatational elasticity of fluid interfaces, the existence of an under-monolayer is expected to alter the 
dynamic behavior of interfaces, e.g. their rheological characteristics - a topic that has not been 
adequately addressed by the community yet. The oscillating bubble/drop methods have undoubtedly 
been among the most useful and popular techniques to extract macro-level information about the 
interfacial dynamic parameters such as dynamic surface tension (Otis et al., 1994), dilatational 
viscoelastic moduli (Aksenenko et al., 2007) and kinetic parameters of surfactant adsorption 
(Johnson et al., 1996a, b). Besides, microscopic thin liquid films (TLFs) have well proved suitable 
model systems to study the static and dynamic behavior of adsorption monolayers at fluid 
interfaces. Because of the dynamic nature of TLFs during drainage, the oscillating bubble/drop 
technique has effectively been combined with TLF drainage measurements, e.g. micro-
interferometry and macroscopic foamability, in order to investigate the effect of surface rheology on 
the stability of foams and emulsions (Georgieva et al., 2009a; Arabadzhieva et al., 2014; Liu et al., 
2017; Georgieva et al., 2009b).  
In this chapter, the possibility of under-monolayer adsorption for two more low-molecular-
weight alcohols; n-pentanol and n-hexanol is therefore discussed in addition to our findings for 
MIBC. The influence of under-monolayer adsorption on the rheological characteristics of the air – 
water interface is studied using a combination of dilatational surface elasticity, foamability 
measurements and the micro-interferometry of the draining TLFs. As shown for MIBC in Chapter 
5, the surface tension plots of these alcohols, unlike those for conventional long-chain surfactants, 
lack a distinguishable CMC point that makes it impossible to identify the monolayer saturation 
concentration (CMS) directly. Therefore, the surface coverage is tracked directly and independently 
of the bulk by means of the SFG spectroscopy. Combining spectroscopy results with the 
equilibrium surface tension data, the justifiability of the under-monolayer adoption is discussed 
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under the Guggenheim convention. The rheological characteristics of the alcohol-stabilized TLFs 
confirm once again the existence of the proposed under-monolayer region and serve as a suitable 
probe to distinguish between the Gibbs and the Guggenheim models of the interfacial region.     
6.3. A brief theory of TLF stability and drainage kinetics  
Microscopic TLFs are layers of liquid confined between two bulk phases. The bulk phases 
can be gaseous as in foams or approaching bubbles, or liquid as in emulsions, or solid as in 
suspensions. TLFs form under dynamic conditions and are considered unstable structures. To 
stabilize them, surfactants should adsorb at their interfaces in order to modify the surface forces and 
interfacial rheological characteristics. In other words, the drainage kinetics and stability of TLFs are 
highly dependent on the physicochemical and structural properties of adsorption layers, and their 
investigation is of undeniable importance to our understanding of colloidal stability.(Mileva, 2010) 
As per the brief explanation provided in Section 4.3, when two interfaces approach each other, 
during the first stages of drainage when the liquid film is relatively thick, the capillary pressure, Pc, 
created at the film menisci, will be the initial driving force for film drainage (Cosima et al., 2003): 
2
c
c
P γ=
R
                                                                                                                                           (6.1) 
where cR is the radius of the liquid surface meniscus, which is almost equal to the internal radius of 
the film holder in a “Scheludko – Exerowa” cell. When interfaces begin to interact through surface 
forces at the later stages of the drainage, the disjoining pressure may either resist or accompany the 
capillary pressure, depending on their nature as well as the condition of the film solution. Disjoining 
pressure is, according to the classical DLVO theory, composed of the electrostatic double layer 
force and the van der Waals force (Derjaguin et al., 1993; Verwey, 1948):   
el vdWΠ = Π +Π                                                                                                                                (6.2) 
It is believed that some non-DLVO forces including steric force (Wang, 2012), hydration 
force (Kralchevsky et al., 2011) and hydrophobic force (J. K. Angarska et al., 2004) may also 
contribute to the total disjoining pressure. The steric and hydration forces are thought to emerge at 
film thicknesses comparable to the molecular dimensions of surfactants (Kralchevsky et al., 2011; 
Danov et al., 2006), while hydrophobic forces are more pronounced at very low surfactant 
concentrations (J. K. Angarska et al., 2004). The van der Waals part of the disjoining pressure is 
expressed by (Israelachvili, 1991): 
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36vdW Hπ
Π = − A                                                                                                                               (6.3) 
where A is the Hamaker-Lifshitz constant and H is again the film thickness. In relatively thick 
planar films stabilized by nonionic surfactants, where the surface potential is low, the electrostatic 
disjoining pressure can be calculated using the weak overlap approximation (Churaev et al., 1987): 
( )
0
H
el e
κ−Π = Π                                                                                                                                 (6.4) 
with κ  being the Debye parameter: 
2
1 0
0
2 el A
B
e c N
k T
κ λ
εε
−
= =                                                                                                                       (6.5) 
where elc  is the bulk electrolyte concentration. 0Π  in Eq. (6.4) is expressed by: 
2 0 0
0 64 tanh 4B t B
ek Tc
k T
ψ Π =   
                                                                                                           (6.6) 
where tc  and 0ψ  are the total electrolyte concentration and the surface potential, respectively. 
In addition to the capillary and disjoining pressures, the velocity (or mobility) of the film 
surface, which is controlled by its viscoelastic properties, has a significant impact on the drainage 
behavior of TLFs. The combined effect of surface forces and rheology on the thinning velocity of 
the films,V, can be explained by the Radoev-Dimitrov-Ivanov (RDI) model in which the effect of 
surface viscosity is neglected, and only surface elasticity and surfactant diffusion effects are taken 
into account (Radoëv et al., 1974):    
( )
3
2
2
3 cf
dH H P f
dt
= − = −Π℘V R                                                                                                         (6.7) 
where ℘ is the bulk viscosity of the film liquid. fR is the film radius and should be about 50 µm or 
less to ensure the formation of planar films for which this model is valid. Here, f is the surface 
mobility factor and accounts for the rheological characteristics of the surface. For immobile 
surfaces 1f =  and Eq. (6.7) is reduced to Scheludko’s model (Scheludko, 1967). In this case, the 
surface tension gradient, which is created by differences in the local concentration of surfactants in 
the adsorption monolayer, is big enough to trigger an efficient Marangoni flow that opposes the 
drainage within the film (Yaminsky et al., 2010). The final result is a slowdown of the drainage 
process. For mobile surfaces 1f >  and is given by: 
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61
2sG
DH dcf D
HE d
℘  
= + + Γ                                                                                                            (6.8) 
In this equation, dc dΓ represents the so-called “adsorption length” and is easily extracted from 
adsorption isotherm plots. sD is the surface diffusion coefficient of surfactants in the adsorption 
monolayer and can be affected by factors like the intermolecular interaction between surfactant 
chains or the immersion of surfactant heads in the sublayer region. D represents the bulk diffusion 
coefficient and for cylindrical molecules is given by (Birdi, 2008):  
ln
3
Bk TD
dπ
 
=  ℘  
L
L
                                                                                                                          (6.9) 
 
with L  and d representing the length and cross-sectional area of a cylindrical molecule.  
GE  in Eq. (6.8) is the “Gibbs elasticity” of surface and is actually the tangential force 
generating the “Marangoni effect”. For an interface, it is defined as the variation of the interfacial 
tension that occurs with changing the interface area, A (Bumstead et al., 1928):   
lnG
d dE
d A d
γ γ
= = −Γ
Γ
                                                                                                                    (6.10) 
Gibbs elasticity is indirectly obtainable from the equilibrium surface tension data. However, direct 
measurement of surface elasticity modulus has been made possible by the advent of oscillating 
bubble/drop methods which allow investigation of the dynamic behavior of fluid interfaces and 
adsorption layers. For an oscillating surface, when the surfactant exchange between the bulk and 
adsorption layer is controlled by diffusion, the complex dilatational modulus of the surface, E, is 
expressed by the Lucassen – van den Temple theory (Lucassen et al., 1972):   
r iE E iE= +                                                                                                                                   (6.11) 
with rE  and iE  being the dilatational surface elasticity and dilatational viscosity moduli, 
respectively: 
0 2
1
1 2 2r
E E + Ω=
+ Ω + Ω
                                                                                                                   (6.12) 
0 21 2 2i
E E Ω=
+ Ω + Ω
                                                                                                                    (6.13) 
2 s
dc D
d ω
Ω =
Γ
                                                                                                                              (6.14) 
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where sω  is the surface oscillation frequency and 0 GE E≡ .  
It is believed that the van der Waals disjoining pressure term in Eq. (11) is negligible for 
relatively thick liquid films and elΠ  is the only force contributing to the film stability. Therefore, by 
combining Eqs. (6.7) and (6.8) and replacing Pc and Π  from Eqs. (6.1) and (6.4), the final form of 
the equation for film drainage velocity is obtained:  
3
02
22 2 31
3
H s
f c G
DdH H dce D
dt E H d
κγ −   ℘ 
= − = −Π + +    ℘ Γ    
V
R R
  (6.15) 
In the next step, this equation is matched against the experimental data collected from the TLF 
drainage measurements using the micro-interferometric technique explained in Section 4.3.  
6.4. Experimental details 
All materials and sample solutions were prepared as explained in Section 4.1. The 
equilibrium and dynamic surface tension and the dilatational surface viscoelasticity of all samples 
were measured following the procedure explained in Section 4.2. The equilibrium surface tension 
data were fit to the Langmuir – Szyszkowski model (Eq. (2.29)) in order to extract the equilibrium 
adsorption constant, K , and maximum surface excess, 
∞
Γ , of the alcohols. The fitting parameters 
were then put into the Langmuir isotherm (Eq. (2.30)) to calculate the surface excess at each bulk 
alcohol concentration. The procedure and the equipment used for the SFG measurements in Chapter 
5 – Section 5.4 were also used here in exactly the same way. Because of some necessary 
modifications to the laser unit, the recorded absolute intensities for MIBC were different from those 
measured in Chapter 5. Therefore, to ensure the consistency of the experimental results we once 
again repeated the SFG measurements for the MIBC solutions. However, the (2) (2)ppp sspχ χ ratios were 
almost the same.  
The micro-interferometry method (see Section 4.3) was employed to measure the TLF 
drainage rate using a common “Sheludko – Exerowa” cell. Three ml of each alcohol solution was 
poured into the cell, and all connections were sealed very well. A horizontal thick film was initially 
created using a micro-syringe, and the cell was left for 30 minutes to ensure thermal equilibrium 
with environment and saturation of the cell with water vapour. Once equilibrated, the film liquid 
was sucked out slowly until the first interference fringe appeared. To ensure the formation of planar 
films, small films with the radii from 40 to 60 µm were created and then allowed to drain under 
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capillary/surface forces until reaching their critical film thickness. As drainage proceeded, the 
interferograms were recorded and then analyzed following the procedure explained in Section 4.3. 
Foamability of alcohols was measured using a modified Bikermann’s method (Tan et al., 
2005). The foam column (Fig. 6.1) had an internal diameter and height of 3.8 cm and 60 cm, 
respectively. One-hundred ml alcohol solution at target concentration was poured into the column 
and air with the flow rate of 30 liters per hour was passed through a porous glass disc (sparger) to 
create well-dispersed bubbles. The volume of the foam kept increasing until it started fluctuating. 
This happens because of the transient nature of alcohol foams. In other words, the continuous 
breakdown of the bubbles at top layers of the foam creates a constant down-flow of the alcohol-rich 
solution. This results in local concentration fluctuations within the dynamic environment of foam 
films in lower parts of the foam and gives rise to the observed fluctuations in the foam volume. To 
avoid the consequent experimental errors, the foam volumes for all of the alcohol solutions were 
recorded after 10 minutes of air blowing.  
 
Figure 6.1. Schematic illustration of the foam column used for the foamability measurements. 
 
 
 
6.5. Results and discussion  
6.5.1. Equilibrium and dynamic surface tension and adsorption isotherms of alcohol 
solutions 
Low-molecular-weight alcohols exhibit a considerable surface activity which is capable of 
reducing water surface tension to the values as low as 30 – 40 mN.m-1 (Fig 6.2). Such surface 
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activity and tensiometric behaviour, albeit exhibiting some differences in surface tension plots, are 
comparable to that of conventional surfactants. The agreement between our results and those 
reported by others is excellent. According to the extracted adsorption parameters listed in Table 6.1, 
n-hexanol is expectedly the most surface active of all three alcohols. The larger K  for MIBC than 
for n-pentanol shows its higher tendency towards the air – water interface. However, its maximum 
adsorption is the smallest of all three alcohols, probably because of the largest cross-sectional area 
of its hydrocarbon chain in comparison to the other two (Fig. 4.1).  
For all alcohols, the adsorption increases with bulk concentration, implying that the 
adsorption monolayer does not reach full saturation within the studied concentration range. The 
conventional surfactants are believed to form pre-micelles at concentrations much lower than CMC 
(Cui et al., 2008). The pre-micellization process may be reflected in the form of small kinks and 
additional plateaus in static surface tension plots (Arabadzhieva et al., 2014). The absence of such 
kinks and CMCs in Fig. 6.2, can, therefore, be interpreted as the lack of pre-micellization and 
micellization for these small alcohols. This observation agrees well with the previous reports (Qu et 
al., 2009). In spite of some claims, no experimental evidence exists for the micellization of these 
small molecules. Their relatively high solubility and short carbon chains in comparison to 
conventional surfactants make it difficult for them to attract each other and aggregate efficiently. 
We, however, admit that formation of smaller aggregates such as dimers, trimers, etc. remains a 
possibility. Besides, it is impossible to identify the topmost monolayer saturation concentration 
(CMS) from tensiometry. To avoid the abovementioned arguments and difficulties, we studied the 
state of the adsorption layers of these alcohols independently of the bulk, using the surface-sensitive 
SFG spectroscopy. Further discussion regarding this issue is made in the next section.  
 
 
Table 6.1. Adsorption parameters extracted from the surface tension plots using Langmuir – 
Szyszkowski equation (Eq. (2.29)). Monolayer saturation concentration (CMS) was determined by 
SFG spectroscopy. Defoaming threshold (CDT) is where the foam volume in foamability 
measurements starts decreasing. MSCmΓ is the surface excess in the topmost monolayer as predicted 
by Langmuir – Szyszkowski equation at CMS point. 
Alcohols 
 
∞
Γ  
(µmol.m-2) 
 MSC
mΓ  
(µmol/m-2)
 LK
(M
-1
) 
 Water solubility at 20°C (mM)  
 CMS  
(mM) 
 CDT 
(mM)
n-Pentanol  5.60 ± 0.2  4.85  111 ± 11  ~ 250
a  ~60  ~58 
MIBC  4.90 ± 0.2  4.10  251 ± 22  ~ 150
a
  ~20  ~20 
n-Hexanol  6.50 ± 0.18  5.90  300 ± 20  ~ 60
a
  ~35  ~34 
a Data extracted from the MSDS provided by chemical suppliers
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Figure 6.2. Equilibrium surface tension vs alcohol concentration plots for aqueous solutions of (a) 
n-pentanol (data reported by (●) us and (□) (Hey et al., 2005)), (b) MIBC (data reported  by (●) us, 
(□) (Comley et al., 2002) and (∆) (Khoshdast et al., 2012)) and (c) n-hexanol (data reported  by (●) 
us and (□) (Nguyen et al., 2013)). The black solid line is the fitting curve using Langmuir-
Szyszkowski equation. The red solid line shows the surface excess of alcohols calculated using 
Langmuir isotherm. The vertical dashed lines represent the monolayer saturation points (CMS) as 
identified by SFG spectroscopy. 
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We will also discuss that the drainage kinetics and foamability are measured under dynamic 
conditions which may interrupt the equilibrium state between adsorption layers and the underlying 
bulk solution. Wilhelmy tensiometry and SFG spectroscopy, however, measure the equilibrium 
state of adsorption layers. One may wonder how we correlate the equilibrium state data with those 
measured under dynamic conditions. To ensure the consistency and reliability of the results, it is, 
therefore, important to understand how fast the equilibrium is regained under dynamic conditions of 
the interface. This was easily investigated by measuring the dynamic surface tension on a buoyant 
bubble. The obtained data are plotted in Fig. III-1 of Appendix III. For all samples, the dynamic 
surface tension plateau agreed well with the equilibrium values measured with Wilhelmy plate 
method. According to the well-known Ward-Tordai theory of adsorption kinetics, which assumes a 
diffusion-controlled adsorption mechanism (Ward et al., 1946), the time evolution of surface 
tension for nonionic surfactant solutions can be explained by (Fainerman et al., 1994):  
 
( )
2
2eqt
RTt
c Dt
πγ γ
→∞
Γ
= +                                                                                                           (6.16) 
where R and T are the gas constant and temperature of the solution, respectively. D is the bulk 
diffusion coefficient. c is bulk surfactant concentration. eqγ  denotes the surface tension at 
equilibrium and corresponds to the plateau in a dynamic surface tension plot. For larger surfactants 
where the diffusion coefficients are relatively small when compared with these alcohols, the second 
term in the right hand of Eq. (6.16) adopts large values. In other terms, the initial surface tension 
right after expansion of the bubble surface is considerably higher than its equilibrium value; it 
hence takes some time for surface tension to recover from the perturbation (Arabadzhieva et al., 
2014). For the alcohols studied in this work, the initial surface tensions were, however, the same as 
their equilibrium values and did not evolve over time, implying that these alcohols are fast-
adsorbing and the equilibrium state of the adsorption layer is regained very quickly. We thus expect 
a good correlation between the data obtained under equilibrium or dynamic conditions. The small 
size of the alcohols justifies their greater diffusion coefficients. This is also discussed in Section 
6.5.4. 
6.5.2. Sum frequency generation spectroscopy of the absorption layers 
The recorded SFG spectra of all alcohols in CH stretching region are depicted in Fig. 6.3. 
Qualitatively, the intensity of the main peaks increases with the bulk concentration of the alcohols. 
The recorded ssp spectra for n-pentanol and n-hexanol are similar to a large extent but different 
from the MIBC spectrum in some spectral features. The differences in the ppp spectral features 
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seem very small within the experimental errors. To be more specific, the SFG spectra recorded 
under ssp and ppp polarization combinations were deconvoluted using Eq. (3.9) and the individual 
bands were assigned to the CH stretch modes, in accordance with the discussion in Section 3.3.3. 
The individual bands and their extracted features for a 20 mM solution of MIBC are provided in 
Fig. 6.4 and Table 6.2, respectively. Also, the spectral fitting results for the other solutions are given 
in the Tables III-1 – III-3 of Appendix III. 
 
Figure 6.3. The CH regime SFG spectra recorded for different concentrations of (a),(b) n- pentanol, 
(c),(d) MIBC and (e),(f) n-hexanol under (a),(c),(e) ssp and (b),(d),(f) ppp polarisation 
combinations. The solid colored lines are the best overall fits to the spectra. The SF intensities are 
normalized for IR and visible laser intensities. The spectra are offset by different values for clarity.  
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Figure 6.4. Deconvolution of the recorded SFG spectra for a 20 mM MIBC solution under ssp and 
ppp polarization combinations. 
 
 
 
 
 
Table 6.2. Spectral features extracted from the spectral fitting for a 20 mM MIBC solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A detailed scrutiny of the spectral and the corresponding structural differences are not 
within the scope of this chapter, nor is the orientation calculation of the adsorbed alcohol molecules. 
Qualitatively, all ppp spectra are dominated by the asymmetric stretch of methyl groups at around 
2965 cm-1. The ssp spectrum of MIBC is dominated by the vibrational modes of methyl groups 
only. MIBC molecule bears three terminal methyl groups but only one methylene group. On the 
contrary, a small peak assigned to the symmetric stretch of methylene groups around 2855 cm-1 
appears in the ssp spectra of both n-pentanol and n-hexanol whose molecules have four and five 
methylene groups, respectively (Fig. 4.1). On the other hand, the weak shoulder at 2965 cm-1, which 
is assigned to the asymmetric stretch of methyl groups, disappears. This is believed to originate 
Peak assignment  υω  (cm
-1)
 ssp  ppp 
Aˆυ    υϒ   Aˆυ    υϒ  
CH2 sυ   2840  38.67  6.56  14.97  5.24 
CH3 sυ   2875  468.99  7.44  55.67  7.73 
CH2 asυ   2925  8.45  3.98  38.47  6.59 
CH3 asυ   2965  109.19  7.28  378.98  7.69 
CH2 FRυ   2905  -116.58  3.88  35.67  5.56 
CH3 FRυ   2945  392.09  10.25  99.78  9.60 
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from the conformational changes of molecules (Lambert et al., 2005). As per our discussion in 
Section 3.2.3, an SFG spectrum might be dominated by either or both of the stretches for methyl 
and methylene groups depending on the degree of conformational defects. The ssp spectra for n-
pentanol and n-hexanol feature both CH2 and CH3 stretches, implying moderate gauche defects for 
these short-chain alcohols. Long-chain surfactants are known to undergo significant gauche to trans 
conformational transformations by going from low to high surface coverage (Sung et al., 2013). 
This phenomenon may cause significant variations in the average orientation of molecules, and 
hence, in the overall SF signal intensity. In that case, the contribution of the molecular density to SF 
signal could be difficult to distinguish. Fortunately, such a conformational transformation is not 
remarkable for the studied alcohols since the relative intensities of methyl and methylene 
symmetrical stretches do not change much with surface coverage (Fig. 6.3). 
From the spectral fitting, we extracted the absolute values of susceptibilities for both 
polarization combinations as well as their ratios at each alcohol concentration, as demonstrated in 
Fig. 6.5. In the absence of conformational transformation, any change in the susceptibility should 
originate from the change of number density and/or tilt angle of the adsorbed alcohol molecules, 
according to Eq. (3.15). We discussed that the (2) (2)ppp sspχ χ ratio is an indicative of the change in the 
average tilt angle of the molecules. Fig. 6.5 shows the ratio calculated for symmetric stretches of the 
methyl group. It obviously varies only slightly at low to medium alcohol concentrations and 
immediately becomes constant at about 35 mM, 15 mM, and 10 mM bulk concentrations of n-
pentanol, MIBC, and n-hexanol, respectively. These small molecules, unlike conventional 
surfactants, do not seem to undergo considerable orientational changes with surface coverage, 
probably because of smaller steric effects, moderate conformational defects and weaker 
intermolecular interactions between their short hydrocarbon chains. Therefore, the continuous 
adsorption of alcohol molecules at solution surface makes the major contribution to the observed 
signal increase. At higher concentrations, the adsorbed molecules are orientationally stable. 
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Figure 6.5. Variation of (∆) (2)sspχ , (■) (2)pppχ  and (●) (2) (2)ppp sspχ χ  values with alcohol concentration in 
aqueous solutions of (top) n-pentanol, (middle) MIBC and (bottom) n-hexanol extracted from 
spectral deconvolution of the corresponding SFG spectra. 
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It is also apparent that ( )2χ  values keep increasing up to the concentrations of 60 mM for n-
pentanol; 20 mM for MIBC; and 35 mM for n-hexanol. ( )2χ finally becomes constant at these 
concentrations indicating that no more alcohol molecules are adsorbed at the topmost adsorption 
monolayer. These concentrations can reasonably be considered as the points at which the topmost 
adsorption monolayer becomes fully saturated. Here, we refer to them as the “monolayer saturation 
concentration”, denoted by CMS. The surface excess at CMS, i.e. 
MSC
mΓ , which was calculated by the 
Langmuir isotherm, was found to be smaller than the predicted maximum adsorption, 
∞
Γ , values 
(see Table 6.1). Assuming a classical Gibbs model of the interface, we would expect that the 
solution surface tension should have stopped decreasing at CMS. For long-chain surfactants, CMS 
should have also been nearly the same as CMC, but our method of independent identification of 
surface saturation clearly shows otherwise. As depicted in Fig. 6.2, surface tension keeps decreasing 
significantly even after the CMS point. In Chapter 5, we attributed the post-saturation decrease of 
surface tension to “under-monolayer adsorption”. However, we did not investigate how the 
existence of under-monolayer could affect the interfacial phenomena. An alternative explanation to 
the observed contradiction could be given by assuming an actually unsaturated monolayer at CMS 
point if the alcohol molecules could adsorb in such a disordered way that the total contribution to 
the SF signal would become zero beyond CMS. This is, however, not preferable by molecules since 
surfactant layers at high surface coverage tend to be more ordered with a view to minimize the 
steric effects and maximize the stabilizing impact of intermolecular interactions. In addition, an 
upside-down adsorption of alcohols at the water surface is not energetically favorable because of 
the hydrogen bonding cancellation between the alcohol hydroxyl groups and the surrounding water 
molecules. In the next sections of this chapter, we will show that the observed peculiarities in the 
foaming behavior of the alcohol solutions can be successfully explained by assuming an extended 
model of the interface, which allows for our proposed under-monolayer adsorption.  
6.5.3. Foamability of alcohols 
 
The obtained foamability plots are typical of the low-molecular-weight alcohol solutions, as 
demonstrated in Fig. 6.6. A similar trend has also been reported by others (Tan et al., 2005), 
although the maximum foamability plateau did not appear for some alcohols (Tuinier et al., 1996). 
The maximum foamability of all three alcohols are nearly the same. The initial increase in the foam 
volume is mainly attributed to the enhancement of the surface elasticity with surfactant adsorption 
(Eq. (6.10)). The stabilizing Marangoni effect is believed to grow with surface coverage and reach 
its maximum value at full surface saturation around CMC (Saavedra et al., 2016). In addition, an 
increase in the electrostatic disjoining pressure, especially with ionic surfactants, will also add to the 
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stability of foams. Nonetheless, foam stability is better investigated by TFPB measurements (see 
Section 6.5.4) than by foamability testing because of the chaotic environment of the foam films in a 
foam column. The origin of the plateau in the foamability plot is not known yet. Perhaps, the 
dynamic nature of the liquid lamellae within the foam column causes local variations in alcohol 
concentration. Because of the transient nature of alcohol foams, there is a significant downflow of 
alcohol-rich solution from the bubble break-up taking place in the upper layers of the foam that 
probably adds to the local alcohol concentration within the films. The origin of this plateau is to be 
addressed in future works. 
 
 
Figure 6.6. The measured foamability of (■) n-pentanol, (▲) MIBC and (●) n-hexanol solutions 
versus alcohol concentration. The vertical lines show the bulk alcohol concentrations at which the 
topmost surface monolayer is completely saturated (CMS), as determined directly using SFG 
Spectroscopy. The air flow rate was 30 liters per hour. 
 
 
 
At high concentrations, the foamability sharply drops for all alcohols. The slopes of this part 
of the foamability plots are in the same order as the hydrophobicity of alcohols; n-hexanol > MIBC 
> n-pentanol. In a rather qualitative manner, this behavior has been attributed to either the limited 
solubility of alcohols or micellization of conventional surfactants (Tan et al., 2005, Tuinier et al., 
1996, Saavedra et al., 2016). Here, the concentration at which foamability starts decreasing is called 
“defoaming threshold” and is denoted by CDT. Table 6.1 shows that the obtained CDT values are 
much smaller than the reported solubility of alcohols at 20°C. In other words, defoaming happens 
well within the solubility range of the alcohols. In Section 6.5.1, we discussed that pre-micellization 
and micellization do not take place for these short-chain alcohols. On the other hand, the 
comparison of CDT with CMS values reveals that the foam volume drops immediately after the full 
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surface saturation that was independently detected using SFG spectroscopy. Such an excellent 
agreement between CDT and CMS values cannot be a random coincidence. The sharp decrease in the 
foamability of the alcohols, therefore, seems to be caused by the proposed under-monolayer 
adsorption. In the absence of micellization and once the surface is already saturated, the only 
available place for the alcohol molecules in order to minimize their unfavorable contact with the 
surrounding water is the under-monolayer region. Although the foamability measurements provide 
additional evidence for the existence of the proposed under-monolayer adsorption, it does not give 
any clue about its interaction with the topmost adsorption monolayer and the mechanism of this 
defoaming effect.  
6.5.4. TLF drainage kinetics 
We have to admit that our measurements on foam films with thickness in the range of 30 nm 
– 250 nm correspond to dry foams, while the foams studied here are relatively wet and with an 
average distance between the bubbles of 1 µm and more. Nevertheless, these experiments give us 
valuable information about the properties of the foam film surfaces and, located on them, the 
surfactant adsorption layers. Thus, we studied the kinetics and drainage behavior of TLFs of these 
alcohols using micro-interferometry. To create planar films and ensure uniform drainage we tried to 
keep the film radii around 50 μm (Fig. 6.7). The equilibrium film thickness, eqH , is plotted against 
the bulk alcohol concentration in Fig. 6.8. eqH linearly increases with alcohol concentration up to 
CMS (or CDT) where surface becomes fully saturated and then drops sharply. No stable films were 
obtained for 40 mM MIBC, 50 mM n-hexanol and 90 mM n-pentanol solutions and the drainage 
ended with film rupture. The effect of under-monolayer adsorption on TLF thickness and stability 
is, therefore, tremendous. As film thinning proceeds, according to Eq. (6.7), the overlap between the 
electrical double layers of both surfaces increases and the repulsive electrostatic disjoining pressure 
becomes greater. The thinning velocity, which is also highly dependent on the rheological 
characteristics of the surface, therefore keeps decreasing until reaching zero at equilibrium. In other 
words, the film rests at equilibrium once the disjoining pressure equals the capillary pressure. The 
higher the surface potential (or, the lower the capillary pressure), the faster the equilibrium is 
reached, and the larger eqH  becomes. By increasing the bulk concentration, the surface is 
continuously occupied by the alcohol molecules. This will decrease the capillary pressure because 
of the significant reduction in the solution surface tension (Eq. (6.1)) on one hand, and will also 
promote the electrostatic disjoining pressure created by the partial charge on hydroxyl groups of the 
alcohols, on the other hand. In addition, the progressively improving elasticity of the surface will 
result in a bigger Marangoni flow that resists drainage. The overall effect is the observed increase in 
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eqH  with bulk alcohol concentration. The larger surface excess of n-pentanol and n-hexanol in 
comparison to MIBC (Table 6.1) is probably the reason for their relatively thicker films at 
equilibrium. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7. Sample interferograms recorded during the drainage of a TLF created in a 20 mM 
solution of MIBC. 
 
Figure 6.8. Equilibrium thickness ( eqH ) of thin liquid films stabilized by various concentrations of 
(■) n-pentanol, (▲) MIBC and (●) n-hexanol. The values were determined interferometrically. The 
symbols in green show the film thicknesses at rupture ( RH ).   
 
 
On the basis of the tensiometry results (Fig. 6.2), the solution surface tension and the 
resulting capillary pressure should keep decreasing throughout the whole studied concentration 
range including both the monolayer and the under-monolayer adsorption regimes. Also, the 
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continuous adsorption of alcohol molecules within the interfacial region should increase rather than 
decrease the electrostatic disjoining pressure. A diminishing surface potential with the addition of 
nonionic alcohol molecules is not understandable. By assuming a Gibbs model of the dividing 
surface, i.e. monolayer adsorption, the elasticity of surface would be expected to keep improving 
with the alcohol concentration (Eq. (6.10)). All these factors should have yielded a constant 
increase in eqH with bulk concentration. Unexpectedly, eqH was observed to drop soon after CMS 
(or CDT) points sharply. This indicates a clear shortcoming in “application” of the classical Gibbs 
convention and also implies that the under-monolayer adsorption influences the surface rheology 
rather than the surface forces in an unconventional way. Thus, we focused our study on the surface 
rheology of films below and beyond the topmost monolayer saturation in order to understand the 
defoaming mechanism of the under-monolayer adsorption.  
We discussed in Section 6.3 that the RDI theory of TLF drainage kinetics assumes that 
drainage velocity is only influenced by surfactant diffusion and surface elasticity. The effect of 
surface viscosity is presumably negligible. Before applying RDI theory to our drainage data, we 
investigated the validity of this assumption by measuring the dilatational surface viscoelasticity for 
all alcohol solutions. Fig. 6.9 shows that the surface dilatational viscosity is almost zero at low-
frequency range and thus negligible for all alcohols at the studied concentrations. RDI theory was 
then used reliably to study the drainage kinetics of the TLFs. The measured dilatational elasticity 
does not vary much with frequency except for 0.2 Hz where there is a slight increase for some 
solutions. This is because of the fast-diffusing nature of alcohol molecules as also confirmed by the 
dynamic surface tension results in Section 6.5.1. At high frequencies, alcohol molecules do not have 
enough time to diffuse and eliminate the created surface tension gradient and the elasticities rise 
because of the bigger surface tension gradient (Eq. (6.10)). In general, surface elasticities have 
comparatively bigger values at concentrations below than above MSC . MIBC solutions have the 
largest measured elasticities probably because of its smaller diffusion coefficient as predicted by 
Eq. (6.9). For all alcohols, the dilatational elasticity considerably drops right after or at full 
monolayer saturation, implying an increase in the surface mobility, f, according to Eq. (6.8). The 
interfacial mobility and elasticity are governed by the surface tension gradient which is the driving 
force for the Marangoni effect. It seems that the under-monolayer affects surface rheology through 
reducing the stabilizing effect of the Marangoni stress. This means that the under-monolayer region 
compensates for the surface tension gradient at the topmost monolayer created by the surface 
expansion. Eq. (6.8) expresses that faster diffusion of surfactants at the surface and/or from bulk to 
the surface would lead to a larger surface mobility because the surface tension gradient would be 
diminished or eliminated by the further adsorption of surfactants at the fresh surface created during 
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the expansion. Therefore, we hypothesize that the under-monolayer adsorption should somehow 
have an increasing effect on the diffusion characteristics of alcohol molecules. We tested this 
hypothesis by conducting TLF drainage experiments in order to determine D and Ds values. 
Figure 6.9. Dilatational viscoelasticity moduli ( rE  and iE ) measured for different concentrations 
of (a) n-pentanol, (b) MIBC and (c) n-hexanol solutions at various frequencies.  
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The drainage behavior of TLFs was obtained interferometrically and the drainage velocities 
were then calculated from the slopes of the drainage plots. Fig. 6.10 demonstrates the results at 
three different concentrations; before monolayer saturation; at full monolayer saturation; and after 
monolayer saturation or the under-monolayer adsorption region. Qualitatively, drainage slows down 
near full monolayer saturation, but afterward, increases sharply under the influence of the under-
monolayer adsorption. This accords well with the foamability observations where the foam volume 
dropped right after monolayer saturation. The elimination of the surface tension gradient by the 
under-monolayer alcohol molecules seems to have increased the interfacial mobility and hence the 
drainage velocity of foam films. The solid lines in Fig. 6.10 are the fits to the experimental data 
which were calculated using Eq. (6.15). For all solutions, the Debye length of the distilled water 
was used which is 152 nm for a 4 µM solution of 1:1 electrolytes. This weak ionic strength is 
generated by water autoprotolysis and CO2 dissolution (Yaminsky et al., 2010). A bulk viscosity of 
932.1 µPa.s was used for all solutions at 23 °C. The surface tension and adsorption length values 
were extracted from the surface tension plots in Fig. 6.2.  
In Fig. III-2 of Appendix III, we have provided the GE  values calculated using the surface 
tension isotherms. These values are significantly larger than the measured dilatational elasticities in 
Fig. 6.9. Gibbs elasticity, which is extracted from the equilibrium surface tension isotherms, gives 
the elasticity of an interface at its static state where the adsorption-desorption of surfactants has no 
effect on the overall surface tension. In a dynamic interfacial environment the surface area, and 
accordingly the interfacial distribution of surfactants, as well as the local concentration of the 
surfactants in the immediate subsurface region change. In this condition, diffusion characteristics of 
surfactants have a significant impact on the rheological properties of the surface. When the 
interfacial expansion frequency is high enough, the surface becomes purely elastic. In this case, 
there is no enough time for surfactant molecules to diffuse from bulk to the surface and eliminate 
the created surface tension gradient. According to Eqs. (6.12) and (6.14), the measured elasticity 
modulus should then become equal to the Gibbs elasticity of the surface. However, significant 
deviations from Gibbs elasticity have been reported even at high frequencies which have been 
attributed to the effect of subsurface adsorption layer (Wantke et al., 2005) or the compressibility of 
surfactant layer (Kovalchuk et al., 2005). Here, we used the directly measured dilatational elasticity 
instead of Gibbs elasticity since it provides a better estimation of the surface elasticity under 
dynamic surface conditions. 
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Figure 6.10. (Left panels) the measured drainage behavior and (right panels) the calculated 
drainage velocities of TLFs for different concentrations of (a) n-pentanol, (b) MIBC and (c) n-
hexanol solutions. The lines are the best fits to Eq. (6.15). 
 
 
0Π , D and Ds, which are the fitting parameters in Eq. (6.15), were determined and are listed 
in Table 6.3. The bulk diffusion coefficients deviate from those measured experimentally (Ling Hao 
et al., 1996). Ds is approximated to be 1.5 times the bulk diffusion coefficient but is smaller here 
(Nelson, 2008). It should be noted that these values are not experimentally determined but fitting 
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values. Any factor contributing to the experimental errors during interferometry and image analysis 
processes will also affect the final values of diffusion coefficients. In addition, Ds can be influenced 
by the immersion and intermolecular interaction of surfactants in the adsorption layers. According 
to Table 6.3, diffusion coefficients slightly decrease at CMS presumably because of the increasing 
interaction of molecules at the surface and within the bulk. However, they increase significantly 
right after monolayer saturation. As we expected and discussed above, the under-monolayer 
adsorption facilitates the diffusion of surfactants which leads to the fast elimination of surface 
tension gradient and a diminishing Marangoni stress. This phenomenon is explained by considering 
the under-monolayer region as an immediate supply of the alcohol molecules. When surface 
expands in the absence of the under-monolayer adsorption, alcohol molecules should diffuse from 
both the bulk of the solution and the other parts of the surface in order to compensate for the created 
surface tension gradient. In the presence of the under-monolayer alcohols, this process is much 
faster as alcohol molecules can immediately adsorb from the underlying under-monolayer region. In 
this case, the drainage kinetics is rather controlled by the diffusion of the alcohol molecules from 
the under-monolayer region to the monolayer (Dum→m) than from the bulk to the monolayer. This 
process is illustrated schematically in Fig. 6.11. The under-monolayer region actually functions as a 
buffer layer to keep the surfactant density of the topmost monolayer constant. The consequence of 
such a function is a constant SFG signal from surface, considerable reduction in the surface tension 
gradient, surface elasticity and the Marangoni effect at the topmost monolayer as well as the 
enhancement of the surface mobility.  
 
 
 
 
Table 6.3. 0Π , Ds and D values extracted from the fitting of Eq. (24) to the experimental drainage 
data measured by interferometry of different alcohol solution TLFs.  
 
 
 
 
Alcohols   Concentration (mM)  ln 0Π (Pa)  Ds (×1010 m2.s-1)  D (×1010 m2.s-1)
n-pentanol  
20   9.6 
 
11.4 
 
8.1 
60 10.8 10.3 7.7 
80 11.5 19.2 13.5 
MIBC  
10  8.9 
 
11.3 
 
5.6 
20 9.4 9.8 5.1 
40 10.6 23.2 9.8 
n-hexanol  
5  9.5 
 
11 
 
7.8 
35 11.1 9.5 8.0 
50 11.6 20.1 14.1 
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Fig. 6.11. (Left) In the absence of the under-monolayer adsorption, the Marangoni stress is 
compensated for by the diffusion of alcohol molecules from both surface, Ds, and bulk of the 
solution, D. (Right) In the presence of the under-monolayer alcohols, the Marangoni stress is 
reduced by the immediate diffusion of alcohol molecules from the underlying under-monolayer to 
the topmost monolaer, Dum→m, giving rise to a buffering effect on the surface tension gradient.  
 
 
6.6. Conclusion  
The full saturation of the topmost adsorption layer was independently determined by SFG 
spectroscopy. By comparing it to surface tension data, we found that the surface tension of all 
alcohol solutions kept decreasing even after monolayer saturation. We already explained in Chapter 
5 that this phenomenon is not explicable by the Gibbs convention in which all surfactants which 
make a contribution to the solution surface tension are hypothetically located on the diving plane. 
Therefore, the under-monolayer adsorption, proposed for MIBC in Chapter 5, also applies to the 
solutions of n-pentanol and n-hexanol. Such an adsorption geometry is justifiable by the 
Guggenheim model of an extended interface. In this case, other monolayer-based isotherms like 
Langmuir also make inaccurate estimations of the maximum surface excess of surfactants because 
equilibrium surface tension does not distinguish between the monolayer and the under-monolayer. 
Langmuir isotherm, in analogy to GAI, predicts that all this maximum surface excess of the 
alcohols should exist at the monolayer at full saturation. Our under-monolayer model alternatively 
suggests the partitioning of the adsorbed alcohol molecules between the monolayer and the under-
monolayer.      
As complementary methods, the foamability, surface elasticity, and TLF drainage 
measurements provided further supporting evidence for the existence of the proposed under-
monolayer adsorption and proved its tremendous effect on the rheological characteristics and 
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dynamic behavior of the surface. Thus, the expansion of a particular area from a foam lamellae 
containing under-monolayer surfactant should not cause a significant increase of the surface tension 
value in the same spot, due to the ultra-fast transfer of the surfactant molecules from the under-
monolayer into the plane of the surfactant monolayer. This causes a sudden drop in the value of the 
surface elasticity. As a consequence, the foam containing under-monolayer surfactants becomes 
more unstable. The under-monolayer region was found to have a strong buffering effect on the 
dynamic behavior of the topmost adsorption layer. Unfortunately, SFG spectroscopy could not 
probe the under-monolayer region, and its microscopic structure still remains unidentified. It would 
be useful to understand whether the under-monolayer alcohols are organised in the form of a well-
ordered second layer of monomeric molecules or as a layer of randomly-ordered smaller aggregates, 
i.e. dimers, trimers, etc. The former is, however, supported by the computer simulation snapshots of 
the alcohol solution surfaces at high concentrations, although this has not been noted by the authors 
(Abrankó-Rideg et al., 2013). The notion of the under-monolayer adsorption is yet to be addressed 
appropriately by the community. We hope this work will initiate some interest among physical 
chemists to provide a thermodynamic explanation for this phenomenon. We also see an immediate 
need for a mathematical description of its observable effects on the hydrodynamics of thin liquid 
films.  
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7.1. Abstract  
The electrical-double-layer (EDL)-based adsorption models for ionic surfactants propose all 
surfactant heads ideally aligned in the Stern layer, creating a single surface potential which controls 
the distribution of counterions within the diffuse layer. Despite their successful application in many 
surfactant systems, these models do not provide an explanation for the larger surface excess of ionic 
surfactants at the air – water interface than the oil – water interface. Experiments and computation 
simulations have already shown that some surfactant head groups tend to immerse themselves into 
the deeper layers of interfacial water at high surface coverage. Such an immersion alters the surface 
potential distribution and characteristics of EDL. However, a theoretical study of this phenomenon 
is not available yet. This chapter presents a useful modeling approach to quantification of the 
surfactant immersion. We modified several nonionic surfactant adsorption models for describing the 
ionic surfactant adsorption by accounting for their immersion. The adsorption parameters were 
determined by fitting the models to experimental adsorption data and were then used to successfully 
explain the reported difference in the surface excess of sodium dodecylsulfate (SDS) at the air – 
water and oil – water interfaces. The surfactant immersion directly affected the intermolecular 
interaction parameter. The immersion of ionic surfactants was found to enhance their surface 
adsorption effectively. Also, our model successfully elucidated why SDS adsorption at the oil – 
water interface unexpectedly decreases as the hydrophobicity of the oil phase increases.  
7.2. Introduction 
It was mentioned in Section 2.5.2 that the adsorption of ionic surfactants at fluid – liquid 
interfaces creates a surface electrical potential under which the further adsorption of other 
surfactants and the interfacial distribution of coions and counterions takes place. Therefore, their 
adsorption isotherms should also include the effect of this surface potential. This is generally done 
by assuming the adsorption of surfactant ionic heads on a uniformly charged Stern layer and then 
solving the one dimensional Poisson – Boltzmann equation for this surface charge. Section 2.6 
exhibited how surfactants indeed form a concentration depth profile (Fig. 7.1-(a)) rather than a 
sharp two-dimensional adsorption plane (Fig. 7.1-(c)) at fluid – liquid interfaces. The mathematical 
treatment of such an interfacial depth profile would require the consideration of charge discreteness. 
Therefore, EDL-based adsorption models neglect the charge discreteness since there is not yet a 
well-established theory, in spite of some initiatives (Levine et al., 1972; Levine et al., 1975), which 
accounts for the effect of charge discreteness on the local distribution of ions within the electrical 
double layer. EDL-based models inevitably consider all surfactant heads aligned ideally on a 
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surface plane (Fig. 7.1-(c)). One may, however, wonder the effect of such a simplification of the 
adsorption layer geometry on the outcomes of the EDL-based absorption models.   
Despite the sound physical basis of such EDL-based models and their successful description 
of the ionic surfactants adsorption, some existing shortcomings necessitate their further 
modification. Problems such as the big number of their fitting parameters and variation of their 
values from model to model have recently started an ongoing argument within the community. It is 
all about how to understand which model better describes the adsorption of a particular system and 
how to interpret these fitting parameters with relation to the real physical behavior of the system. 
Nevertheless, a few recent papers present a strong desire to address this issue (Ivanov et al., 2010; 
Ivanov et al., 2006). Some recent analyses of the adsorption parameters using modified adsorption 
models have attempted to elucidate why the surface excess of SDS is higher at the air – water 
(A|W) interface than the oil – water (O|W) interface, despite the fact that its adsorption energy at 
the O|W interface is much higher (Fig. 7.2). According to the new literature, this inconsistency 
originates from neglecting the discreteness of charge in the Gouy model and all other models 
derived from it. It was hypothesized that surfactant immersion at the A|W interface, which resulted 
in the appearance of a second surface potential, was responsible for the above-referenced 
inconsistency. Therefore, the theory of the diffuse layer must be altered by accounting for the 
presence of a second electrical potential at the interface (Ivanov et al., 2006); however, Ivanov et 
al.’s explanation was rather qualitative. 
To the best of our knowledge, surfactant immersion/distribution across the interfacial region 
has not yet been addressed in theory. It is of great interest to understand how the creation of a 
second surface potential through head group immersion will affect the surfactant adsorption and 
models’ outcomes. This chapter, therefore, aims to provide a simplified theoretical description of 
ionic surfactant immersion at fluid – liquid interfaces. The Langmuir, Frumkin, Volmer, van der 
Waals and Helfand – Frisch – Lebowitz (HFL) adsorption models are modified here by accounting 
for the effect of a second surface potential introduced by the immersed heads of some SDS 
molecules in the adsorption layer. The new models are fitted to the experimental surface tension 
data from the literature to determine and interpret the adsorption parameters of minimum area per 
surfactant molecule (α ), intermolecular interaction parameter ( β ), and equilibrium adsorption 
constant (K), along with a new parameter representing the immersion depth and amount, called the 
immersion parameter ( ). These fitting parameters are then used to explain (i) why surfactants 
tend to immerse and form a concentration depth profile across the A|W interface; and (ii) why SDS 
surface excess is higher at the A|W interface than at the O|W interface, despite the fact that the 
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adsorption constant is bigger for the latter. The modified models are also used to elucidate the 
mechanism by which the hydrophobicity of oil phase affects the structure of surfactant adsorption 
layer at the n-octane – water, n-heptadecane – water and benzene – water interfaces.  
 
Figure 7.1. Adsorbed surfactant molecules at the fluid – liquid interface: (a) a non-uniform 
distribution of surfactant heads across the interfacial region; (b) a proposed simplified adsorption 
model for immersion of the adsorbed surfactant molecules; and (c) the classical monolayer 
adsorption model (no immersion). 
 
 
 
 
 
Figure 7.2. Adsorption isotherms for SDS at (□) A|W and (○) O|W interfaces. The oil phase here is 
hexane. The data are extracted from the literature (Ivanov et al., 2006).  
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7.3. Modification of the adsorption models for immersed ionic surfactants 
Fig. 7.1-(c) illustrates the arrangement of surfactants at the fluid – liquid interface, as 
assumed conventionally. A general form of the Gouy equation has been used to describe this 
molecular condenser model as follows (Ivanov et al., 2006): 
0 2 0 0
0
0
2 31  ,     
2t B
emc e
k T
ψαθ θ
κ
Ψ− 
= − Ψ =  

                                                                                (7.1) 
where θ  is the surface coverage; t s elc c c= +  is the sum of surfactants concentration ( sc ) and the 
added salt concentration ( elc ); α  is the minimum area per surfactant molecule; 0κ  is the 
concentration-independent Debye parameter; m takes either 1 or 3 for the models with or without a 
condenser, respectively; 0e  is the unit charge; 0ψ  and 0Ψ  are the surface potential and the 
corresponding dimensionless potential in the plane of head groups, respectively. 0Ψ can be related 
to the bulk surfactant concentration using the notion of “subsurface concentration ssc ”, first 
introduced to the literature by Borwankar and Wasan (Borwankar et al., 1988), through the 
Boltzmann distribution equation: 
0
ss sc c e
−Ψ
=                                                                                                                                     (7.2) 
In this approach, ionic surfactants are assumed to diffuse from bulk up to the adsorption site 
under the influence of surface potential. In the next step, the electric charges of surfactant molecules 
are hypothetically switched off, and they are adsorbed onto the adsorption layer like their nonionic 
analogues. The adsorption isotherms for nonionic surfactants can thus be modified for ionic 
surfactants by replacing the bulk concentration with the subsurface concentration. The resulting 
isotherm contains a surface potential term that is replaceable from the Gouy equation as described 
by Eq. (7.1). By applying this approach, new adsorption isotherms (AIs) and the equations of state 
(EOSs) for ionic surfactants were derived using the relative models for nonionic surfactants (Ivanov 
et al., 2006). These models can successfully provide valuable thermodynamic information about 
adsorption. However, the assumptions used in deriving them, such as neglecting charge discreteness 
and single surface potential, makes the model unsuitable to describe surfactant immersion and its 
consequences at fluid – liquid interfaces. Fig. 7.2 shows that more surfactants are adsorbed at the 
O|W interface at lower surface coverage. But for a densely-packed adsorption layer, the SDS excess 
at the A|W interface becomes greater. This observation might be indicative of a structural change in 
the adsorption layer as it goes from the sparsely-packed to the densely-packed state, which is not 
accounted for by the conventional adsorption models. It is believed that the mutual electrostatic 
repulsion between the charged heads at higher surface packing, results in the displacement of some 
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sulfate groups from the adsorption plane, i.e. Stern layer. This will consequently lead to the 
availability of more adsorption sites for upcoming surfactants to form a denser-packed adsorption 
layer (Ivanov et al., 2006). Immersion of these molecules at the A|W interface leads to the 
roughness of the adsorption layer, which has also been detected directly by neutron reflectivity 
measurements (Lu et al., 1998). Immersion is thought to create a second potential at the interface 
that influences the distribution of counterions across the diffuse layer and must, therefore, be 
included in the adsorption model. It is, however, inconceivable that how a model which assumes 
ideal alignment of the charged heads at the Stern layer can describe the immersion phenomenon and 
its consequent influence on the adsorption parameters. 
Immersion can help ionic surfactants to reduce the electrostatic repulsions between the 
adjacent charged heads. Two-dimensional electrochemical measurements have revealed that the 
immersion depth of amphiphiles depends not only on the head group polarity but also on surfactant 
chain length since the surfactants with fewer polar heads or longer chains exhibited smaller 
immersion and a larger lateral diffusion constant at water surface (Kang et al., 2000). Since the 
mathematical treatment of the real interfacial distribution of surfactant heads (Fig. 7.1-(a)) is not 
straightforward, we still retain the conventional electrical double layer approach. The surfactants are 
assumed to be immersed by an average length of l, forming a second layer of the charged heads 
located at the distance l below the conventionally-proposed Stern layer (Fig. 7.1-(b)). The excess of 
the surfactant ions adsorbed at the first and the second planes are denoted by 1Γ  and 2Γ , 
respectively, and their ratio is shown by J: 
2
1 2
1
   ,   =Jθ
∞
ΓΓ = Γ + Γ = ×Γ
Γ
                                                                                                      (7.3) 
where Γ and 
∞
Γ  are the surface excess at the surface coverage 1θ <  and 1θ = , respectively. From 
Eq. (7.3) we obtain the following equations: 
 
( ) ( )1 1 1J J θ
∞
ΓΓΓ = =
+ +
                                                                                                                   (7.4) 
( ) ( )2 1 1
JJ
J J
θ∞ΓΓΓ = =
+ +
                                                                                                                  (7.5) 
This model can be considered as a pair of capacitance plates with uniform electrical 
potentials and charge densities of 0 1e− Γ  on the first plate and 0 2e− Γ  on the second plate. It follows 
from Gauss theorem that if the surfactant heads located at the first plane create a surface potential of 
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ψ , the potential created by surfactant heads at the second plane would be equal to Jψ . By 
accounting for the finite size of counterions and head groups, counterions would have to stop at a 
distance almost equal to the sum of their radii from the planes. This would require the introduction 
of two more electrical potentials at the corresponding Stern planes (Kalinin et al., 1996). The 
mathematical treatment of our model would then become very complicated since there would be a 
total of six different potentials to account for. For the sake of simplicity, we thus assume that 
counterions can penetrate through both planes. Additionally, each of the adsorption planes creates 
an additional potential at the place of the other one. We refer to them as the potential generated by 
the first plane at the position of the second plane ( 1,2ψ ) and the potential generated by the second 
plane at the position of the first plane ( 2,1ψ ). From the Gauss theorem we know that the electrical 
potential in the vicinity of a uniformly charged plane varies linearly by distance as long as the 
distance is much smaller compared to the dimensions of the charged plane. In our model, l is 
considerably smaller than the area of the air – water interface. The Gauss theorem can then be 
applied to derive a linear description of both 1,2ψ  and 2,1ψ : 
0
1,2 1
0s
e lψ ψ
ε ε
= − × Γ                                                                                                                       (7.6) 
0
2,1 2
0s
eJ lψ ψ
ε ε
= − × Γ                                                                                                                    (7.7) 
where 0ε  and sε  are the permittivity of vacuum and the dielectric constant of the medium between 
the two planes, respectively. Eqs. (7.6) and (7.7) are analogous to the relations that describe the 
potential of a Stern layer in the non-immersed monolayer adsorption models (Kalinin et al., 1996; 
Warszynski et al., 1998; Warszyński et al., 2002; Ivanov et al., 2006). Indeed, the second plane 
represents all those surfactant heads that are located out of the plane of the Stern layer. The overall 
electrical potentials that are actually sensed by counterions at the first ( 1ψ ) and the second ( 2ψ ) 
headgroup planes are described as follows: 
( )0 01 2,1 2 2
0 0
1
s s
e eJ l J lψ ψ ψ ψ ψ ψ
ε ε ε ε
= − = − + × Γ = − + × Γ   (7.8) 
( )0 02 1,2 1 1
0 0
1
s s
e eJ J l J lψ ψ ψ ψ ψ ψ
ε ε ε ε
= + = + − × Γ = + − × Γ   (7.9) 
Replacing 1Γ  and 2Γ  in Eqs. (7.8) and (7.9) from Eqs. (7.4) and (7.5) gives:  
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( ) ( )0 01
0 0
1 1
1 1s s
e e JlJlJ J
J J
ψ ψ ψ θ
ε ε ε ε
∞
Γ
= − + × Γ = − + × ×
+ +
  (7.10) 
( ) ( )0 02
0 0
1 1
1 1s s
e e llJ J
J J
ψ ψ ψ θ
ε ε ε ε
∞
Γ
= + − × Γ = + − × ×
+ +
  (7.11) 
With this model, distribution of counterions in the diffuse layer will be influenced by the 
electrical potentials of both charged planes. Therefore, the counterions in the diffuse layer are 
theoretically separated into two groups. The ions of the first group ( 1Q ) are distributed from the 
bulk up to the first plane, i.e. from potential zero to 1ψ , while the ions of the second group ( 2Q ) are 
distributed from the bulk up to the second plane, i.e. from potential zero to 2ψ . This categorization 
is similar to the molecular condenser methodology used by others (Ivanov et al., 2006). The 
interfacial region should also meet the electroneutrality condition. Thus: 
 
0 1 1 2 2 1 2   ,   =e Q Qθ θ θ θ θ×Γ = + +                                                                                              (7.12) 
1θ  and 2θ are the surface coverage at the first and the second planes, respectively. Replacing 1θ  and 
2θ  from Eqs. (7.4) and (7.5), Eq. (7.12) can be rearranged as: 
0 1 2
1
1 1
Je Q Q
J J∞
×Γ = +
+ +
                                                                                                          (7.13) 
To obtain 1Q  and 2Q , the one-dimensional Poisson-Boltzmann equation should be separately solved 
for each group of counterions, resulting in the same equations found by Gouy for 1ψ  and 2ψ  (Gouy, 
1910): 
0 0 1
1
0
4 sinh
2t B
e eQ c
k T
ψ
κ
 
=   
                                                                                                             (7.14) 
0 0 2
2
0
4 sinh
2t B
e eQ c
k T
ψ
κ
 
=   
                                                                                                            (7.15) 
Given the definitions of 1ψ  and 2ψ  by Eqs. (7.10) and (7.11), 1Q  and 2Q  can be rewritten as:  
( )0
1
0
14 sinh
2 2t
Je B JQ c θ
κ
∞
− Ψ Γ
= +  
                                                                                    (7.16) 
( )0
2
0
14 sinh
2 2t
Je BQ c θ
κ
∞
+ Ψ Γ
= −  
                                                                                      (7.17) 
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with B being a constant and   being a new fitting parameter to which we refer as the “immersion 
parameter”: 
2
0
0
   ,   
1B s
e lB
k T Jε ε
= =
+
                                                          (7.18) 
Substituting 1Q  and 2Q  from Eqs. (7.16) and (7.17) into Eq. (7.13), we obtain a modified form of 
the Gouy equation for the proposed two-potential model at the interface: 
( ) ( ) ( )0 1 1 1sinh sinh
2 2 2 24 t
J J JB J BJ
c
κ θ θ∞ ∞ ∞Γ + − Ψ + Ψ   Γ Γ= + + −      
    (7.19) 
For very small values of J, the majority of surfactants are actually located at the first plane, 
i.e. the adsorption monolayer has a rather non-immersed structure. Therefore, counterions are 
mainly distributed under the influence of the potential of the first adsorption plane and the second 
term on the right-hand side of Eq. (7.19) can be neglected. For J=0, i.e. monolayer adsorption 
without surfactant immersion, Eq. (7.19) is reduced to an analogue of the Gouy equation as 
described by Eq. (7.1) for the model without a condenser (Ivanov et al., 2006). For large values of J, 
the first adsorption plane would be so sparse that our two-potential model would again be reduced 
to a fully-immersed monolayer adsorption model and the first term on the right-hand side of Eq. 
(7.19) should be neglected. It is discussed in Appendix IV that up to the immersion of four to five 
methylene groups, the first term in Eq. (7.19) can be eliminated resulting in an error of less than 
2%, to give the following equation which is easier to treat mathematically:  
 
( )0 1sinh
1 2 24 t
J BJ
Jc
κ θ∞ ∞+ Ψ Γ Γ= − 
+  
                                                                                     (7.20) 
The term ( )1 J+ Ψ  is the total dimensionless surface potential created by all surfactants 
adsorbed at interface regardless of the planes of their ionic heads. Its value is believed to be around 
6 to 8 at medium to high surface coverage (Kralchevsky et al., 1999; Ivanov et al., 2006).  
Therefore, the value of B θ
∞
Γ  will hardly exceed unity and the term within the parenthesis in Eq. 
(7.20) will vary between 3 and 4 at medium to high surface coverage (see Appendix IV). As a 
result, the following approximation can be made with an error of less than 1%:  
( ) ( )1 11sinh exp
2 2 2 2 2
J JB Bθ θ∞ ∞+ Ψ + Ψ   Γ Γ− ≈ −      
    (7.21) 
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Using this approximation, the final form of Eq. (7.20) becomes:  
( )
( )
0
2 1
exp exp
1 2 2
tc J BJ
J
θ
κ
∞
∞
+ Ψ  Γ Γ = × −   +   
     (7.22) 
Now we have a relation between surface potential and surface coverage. Replacing potential 
with bulk concentration will then lead to a modified adsorption isotherm for our proposed two-
potential model for the immersed ionic surfactants. To achieve this, the approach introduced by 
Borwankar and Wasan (Borwankar et al., 1988) and already used by others (Ivanov et al., 2006) is 
employed. We assume that ionic surfactants have a Boltzmann distribution across the diffuse layer 
from bulk with the bulk concentration of sc  up to the adsorption site with the subsurface 
concentration of ssc under the overall surface potential of ( )1 J+ Ψ , created by both planes, giving: 
(1 )J
ss sc c e− + Ψ=                                                                                                                            (7.23) 
In the next step, the electrical charge of the surfactant heads is hypothetically switched off, and 
surfactants are adsorbed at the interface in a similar manner to their nonionic analogues. This step 
enables us to use adsorption isotherms of nonionic surfactants and replace the surfactant 
concentration in them with the subsurface concentration, ssc . Here, we select the Langmuir and 
Frumkin models for the localized adsorption and the Volmer, van der Waals and HFL models to 
describe the non-localized adsorption (Kralchevsky et al., 1999). For the Langmuir isotherm:  
s ssK c
∞
Γ
=
Γ −Γ
                                                                                                                            (7.24) 
where sK  is the average adsorption constant of the ionic surfactants at the interfacial region 
regardless of the plane of their headgroups. Combining Eqs. (7.23) and (7.24), one obtains: 
( )1 J
s sK c e
+ Ψ∞Γ −Γ
=
Γ
                                                                                                                     (7.25) 
By eliminating Ψ  from Eqs. (7.22) and (7.25), the modified Langmuir isotherm for the 
adsorption of ionic surfactants with a degree of immersion is obtained as follows: 
2 BKc e Γ
∞
Γ
=
Γ −Γ
                                                                                                                       (7.26) 
in this equation, K is the average equilibrium adsorption constant of ionic surfactants at the interface 
regardless of the plane of their headgroups and relates to sK as follows: 
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2
0
4    ,   
1 s t s
JK K c c c
J
α
κ
 
= × × = + 

                                                                                         (7.27) 
Equation (7.26) indicates that the Langmuir isotherm is modified by a correction factor of Be Γ .   
For non-immersed monolayer adsorption, i.e. 0→ , Eq. (7.26) simplifies to the conventional 
Langmuir isotherm. The Gibbs isotherm for a conventional ionic surfactant is given by: 
2 lnBd k T d cγ = − Γ                                                                                                                      (7.28) 
Applying the Gibbs isotherm to Eq. (7.26) and integrating from 0γ  (pure water surface tension) to 
γ , the corresponding modified equation of state for our two-potential model is obtained: 
2
0
1ln
2B B
k T k TBγ γ γ ∞
∞
∞
   
ΓΔ = − = Γ + Γ
Γ −Γ
                        (7.29) 
The same procedure can be applied to four other adsorption models to modify them for the 
adsorption of the ionic surfactants with immersed headgroups in accordance with our two-potential 
model proposed in this chapter. The results are summarized in Table 7.1. There is a total of four 
fitting parameters; maximum surfactant surface excess (Γ∞), immersion parameter ( ), 
intermolecular interaction parameter ( β ), and average equilibrium adsorption constant (K), which 
can simply be determined by matching the model results against the experimental data.  
 
 
Table 7.1. Modified AIs and EoSs for the adsorption of ionic surfactants by accounting for their 
headgroup immersion. 
Model Adsorption Isotherm Equation of State, 0γ γ γΔ = −  
Langmuir 2 BKc e Γ
∞
Γ
=
Γ −Γ
  
2
ln
2
B
B
k TBk Tγ ∞
∞
∞
ΓΓΔ = Γ +
Γ −Γ
  
Frumkin 2
B
Kc e
β
∞
    
− ΓΓ
∞
Γ
=
Γ −Γ

 
2ln
2
B
B
k Tk T B βγ ∞
∞
∞ ∞
    
ΓΔ = Γ + − Γ
Γ −Γ Γ
  
Volmer 
1
2
B
Kc e ∞
    
+ ΓΓ −Γ
∞
Γ
=
Γ −Γ

 
2
ln
2
B
B
k TBk Tγ
∞
∞
ΓΓΔ = Γ +
Γ −Γ
  
van der 
Waals 
1
2
B
Kc e
β
∞ ∞
    
+ − ΓΓ −Γ Γ
∞
Γ
=
Γ −Γ

 
2ln
2
B
B
k Tk T B βγ
∞
∞ ∞
    
ΓΔ = Γ + − Γ
Γ −Γ Γ
  
HFL 
( )
( )2
3 2 3
232 e
B
Kc
β∞
∞
∞
 Γ Γ − Γ Γ 
− + Γ ΓΓ −Γ ∞
∞
ΓΓ
=
Γ −Γ


( )
2 2 3 2
2
2 2 / 3 / 3ln
3 2 3B B
Bk T k T βγ ∞ ∞ ∞
∞
∞ ∞ ∞
∞
     
Γ Γ Γ Γ ΓΔ = Γ + − + −
Γ −Γ Γ Γ −ΓΓ −Γ

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7.4. Data analysis procedure  
To compare the results of our models with non-immersed models, the experimental data for 
the adsorption of SDS at the air – water and n-hexane – water interfaces were directly extracted 
from the literature (Ivanov et al., 2006). Rehlfeld’s tensiometry data for SDS adsorption at n-
heptadecane – water, n-octane – water and benzene – water interfaces (Rehfeld, 1967) were also 
used and fitted to a polynomial equation in order to determine the plot slope (Mukherjee et al., 
2013):  
( ) ( )1 2 3 2a a log a logc cγ = + +                                                     (7.30) 
where a1, a2 and a3 are the fitting constants. The corresponding Γ values were then calculated using 
GAI (Eq. (2.21)). The fittings were performed with an acceptable accuracy ( 2 0.999R > ) and the 
standard errors for the fitting parameters did not exceed 10% (Table 7.2). To avoid mistakes with 
handling the dimensions, c and Γ were defined in 3m − and 2m − , respectively. The constant B was 
calculated using Eq. (7.18) and putting 190 1.602 10 Ce
−
= × , 23 -11.379 10 C.V.KBk
−
= × , 298.15KT =  
and 12 -1 -10 8.85 10 C.V .mε
−
= × . Determination of the real value of sε is not possible. Instead, by 
using the dielectric constant of water ( 81sε = ) the value of B became 4.354 nm and was used for 
AI and EoS fittings. Unfortunately, independent determination of the β  and   values was not 
possible with the Frumkin, van der Waals and HFL models because of their mutual dependency 
raised by the mathematical forms of the equations. Because of this mathematical restriction, the 
values of K,   and 
∞
Γ , were determined by only using the AI and EoS for the Langmuir and the 
Volmer models. The extracted values of   were then used along with Eq. (7.18) to determine and 
compare J values for both A|W and O|W interfaces versus the average immersion length (l). The 
equations of state for the Frumkin and van der Waals models were employed to determine the 
variation of β  with   through fitting to the experimental γΔ − Γ plots (Fig. 7.6).  
 
7.5. Results and discussion 
7.5.1. Evaluation of surfactant immersion using the modified adsorption models 
Fig. 7.3 illustrates the experimental data fittings using the Langmuir and the Volmer models. 
The obtained excellent fits, allowed us to determine the values of the fitting parameters, 
∞
Γ , K  and 
  for both the A|W and O|W interfaces. The extracted values are listed in Table 7.2. The 
maximum adsorption is obviously higher for the A|W interface than for the O|W interface by almost 
40%, despite the fact that the equilibrium adsorption constant for the latter is almost eleven times 
bigger. Considering the localized adsorption for a fully-packed non-immersed monolayer of SDS 
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molecules, α  cannot be smaller than the cross-sectional area of the sulfate headgroup. For the 
localized adsorption model of Langmuir, the value for α  at the A|W interface is, however, smaller 
than the cross-sectional area of the sulfate group, although its value for the O|W interface seems 
reasonable. This can be explained by our surfactant immersion model. In a fully-packed adsorption 
layer of SDS molecules, the immersion of some surfactants brings the sulfate head groups into close 
contact with the hydrocarbon chains of the adjacent surfactants (Fig. 7.4). With such a 
configuration, the minimum area per SDS molecule must be nearly equal to the average of the 
cross-sectional areas of the SDS headgroup and its hydrocarbon chain. Using the values of 0.3 nm
2 
(Ivanov et al., 2006) and 0.21 nm
2
 (Tanford, 1980) for the cross-sectional areas of a sulfate group 
and an all-trans hydrocarbon chain, respectively, the average minimum area per surfactant molecule 
becomes ~0.26 nm
2
. The values obtained from our fittings to the Langmuir AI (0.27 nm
2
) and EoS 
(0.25 nm
2
) are meaningfully close to this predicted average value.  
 
 
Figure 7.3. (a) Γ vs. cs and (b) Δγ vs. Γ plots for the adsorption of SDS at (□) A|W and (○) O|W 
interfaces. The solid (black) and dashed (red) lines are the best fits to the experimental data using 
the Langmuir and the Volmer models, respectively. The experimental data were extracted from the 
literature (Ivanov et al., 2006). 
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Table 7.2. The extracted fitting parameters for the adsorption of SDS at A/W and O/W interface. 
The values in parentheses are the standard errors of fitting. 
 
 
 
 
 
 
Figure 7.4. Cross-sectional areas of the SDS head (Ahead) and tail (Atail) and the average minimum 
area per molecule at full packing with surfactant immersion (Aaverage). 
Figure 7.5. (Unfilled symbols) number and (filled symbols) percentage of SDS molecules adsorbed 
at two planes vs. surfactant immersion length, l, for (solid lines) the A|W and (dashed lines) the 
O|W interfaces extracted from the fittings to (circles) the Langmuir and (squares) the Volmer 
equations of state. J values were calculated using Eq. (7.18). 
Model  Fitting Parameters  AI  EoS  A|W  O|W  A|W  O|W 
Langmuir 
 2( mol.m )μ −
∞
Γ    6.13 (5)  4.39 (4)  6.69 (8)  4.83 (7) 
 2(nm )α    0.27  0.38  0.25  0.34 
  (Å)  0.48 (1)  1.22 (1)  0.34 (2)  0.86 (1) 
 4(m )K    2.69 (2)  29.93 (2)  ---  --- 
           
Volmer 
 2( mol.m )μ −
∞
Γ   8.57 (6)  6.01 (5)  10.04 (9)  7.13 (8) 
 2(nm )α    0.19  0.28  0.17  0.23 
  (Å)  0.44 (6)  1.08 (4)  0.30 (2)  0.74 (9) 
 4(m )K   1.72 (2)  19.11 (2)  ---  --- 
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In the case of the O|W interface, α  is bigger than the cross-sectional area of the sulfate 
group, implying that surfactant headgroups are not in close contact even at the full coverage. In 
other words, α  is controlled by the electrostatic repulsions between the charged heads. Therefore, a 
rather non-immersed structure would be expected for the adsorption layer at the O|W interface 
compared to the A|W interface. This is also evident from the values of   for both interfaces. 
According to Eq. (7.18), a larger value of   for the O|W interface compared to the A|W interface 
implies a smaller value of J for the former at the same immersion length, l. Fig. 7.5 exhibits the 
variation of J and percentage of the surfactants at the first plane versus the immersion length. Up to 
the immersion of five methylene groups (l ≈ 0.65 nm), the number of the surfactants at the second 
(immersed) adsorption plane increases accordingly. That is to say that the deeper the surfactants are 
supposed to be immersed, the larger the number of the immersed surfactants will be, and the wider 
their concentration depth profile will become. By supposing the immersion of only one methylene 
group, J takes the value of ~3 for the A|W interface but only ~0.7 for the O|W interface. These 
values rise to ~19 for the A|W and ~7 for the O|W interfaces as SDS molecules are supposed to be 
immersed by five methylene groups on average. In other words, if we assume that surfactants are 
immersed by only one methylene group, nearly 60 - 70 % of all adsorbed surfactants would remain 
at the first plane at the O|W interface while this percentage would be only 25% at the A|W interface. 
Independent of the immersion length, the number of the immersed surfactants is almost three times 
higher at the A|W interface than at the O|W interface, implying a considerably higher tendency of 
the SDS molecules to immerse at the A|W interface. Thus, a broader concentration profile is 
expected for SDS molecules across the A|W interface, compared to the rather non-immersed 
structure of the adsorption layer at the O|W interface. 
Importantly, immersion is indeed a good strategy for surfactants to get rid of the 
destabilizing electrostatic repulsions between their headgroups and leads to a thick, densely-packed 
adsorption layer at the A|W interface. Since immersion is not as favorable at the O|W interface, the 
system inevitably tries to avoid the electrostatic repulsions by reducing the total number of the 
adsorbed molecules, in spite of the fact that adsorption is more energetically favorable at the O|W 
interface. On the other hand, the Volmer model predicts considerably smaller values for α  than the 
Langmuir model. It has already been discussed that the minimum area per molecule is not a true 
physical constant, but a model-dependent fitting parameter (Slavchov et al., 2014; Ivanov et al., 
2006). Incorporation of the Brownian motion of the adsorbed surfactants into the physical basis of 
the non-localized adsorption models such as the Volmer model is considered to be responsible for 
the lower α  values in comparison to the localized adsorption models (Ivanov et al., 2006). 
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Moreover, the surfactant immersion phenomenon assumed by our model results in an additional 
decrease in the α  values, giving rise to such low values as 0.17 - 0.19 nm2 at the A|W interface.  
Because of the mutual dependency between β  and   in the Frumkin and van der Waals 
models (see Table 7.1), a single reliable value of β  for SDS adsorption layer becomes unattainable. 
Instead, the Frumkin and van der Waals equations of state were fitted to experimental data to 
determine the variation of β  with  . All fittings gave the same Γ∞ values as the corresponding 
values obtained from the Langmuir and Volmer models. Γ∞ also remained constant for all   values, 
but as   increased from 0.1 to 1, β  changed linearly from negative to positive values (Fig. 7.6-
(a)). Obviously, β  is more negative (or less positive) for the O|W system than the A|W system. 
This is a consequence of the non-immersed structure of the SDS monolayer at the O|W interface, 
with dominant electrostatic repulsions between the adsorbed heads. This observation agrees with 
the findings of others (Ivanov et al., 2006). For any single value of  , however, there will be an 
infinite number of the possible values for J and l, that is, an infinite number of the possible 
concentration depth profiles for surfactants. Besides, Γ∞ is almost 40 % higher at the A|W interface 
than at the O|W interface. Thus, the variation of β  values cannot be interpreted versus  , since the 
total population of surfactant molecules is different for the two interfaces. To account for this 
difference in SDS surface excesses, we used the 
∞
Γ   ratio that is considered a measure of the 
interfacial density of the adsorbed SDS molecules (Fig. 7.6-(b)).   
 
Figure 7.6. β variation with (a)   and (b) 
∞
Γ   for the adsorption of SDS at (squares) the A|W 
and (circles) the O|W interfaces using (filled symbols) the Frumkin and (unfilled symbols) the van 
der Waals EOSs. The red symbols show the β  values calculated using the fitting parameters 
obtained from the Langmuir and Volmer EOSs for the corresponding systems.   
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The red symbols in Fig. 7.6 show the equilibrium values of β  obtained by using the fitting 
values of Γ∞ and   from the Langmuir and Volmer EOSs for the corresponding interfaces. All 
these β  values correspond to the fully-saturated adsorption layers at their equilibrium state and are 
almost zero. This should not be interpreted as the absence of any intermolecular interaction between 
the surfactants at full surface coverage since it is just an inevitable consequence of the mutual 
dependency between the two fitting parameters, i.e. β  and  , and originates from the 
mathematical form of the equations (Table 7.1). In other words, with the same value of Γ∞, the 
Frumkin and van der Waals models would obviously turn into the Langmuir and Volmer models, 
respectively, if and only if 0β = . Despite our inability to determine the absolute equilibrium values 
of β  at full surface coverage, the trend of β  is, however, quite meaningful. It is clear from Fig. 
7.6-(b) that for any single value of 
∞
Γ  , β  is more negative (or less positive) at the O|W 
interface. Moreover, as the interfacial density of the surfactants increases, β  becomes more 
negative. Compression of the adsorbed surfactant layer either along the surface plane (horizontally) 
or the surface normal (vertically) results in an increase in the interfacial density of the surfactants, 
and thence, in a negative value of β . At the O|W interface, compression of the adsorption layer 
along the surface plane brings the sulfate groups closer to each other, and because immersion is less 
favorable, the electrostatic repulsions increase dramatically, resulting in an immediate decrease in 
β  towards the more negative values. At the A|W interface, if the immersed surfactant headgroups 
are pushed back towards the air phase in order to force them to form a non-immersed adsorption 
monolayer, β  again starts to take negative values, but the magnitude of the variation in its value is 
not as big as that at the O|W interface. This implies that the A|W interface does not respond to the 
compression as fast as the O|W interface. There are more available locations for SDS head groups at 
various immersion lengths. Distribution of ionic heads throughout these subsurface locations in 
order to avoid the electrostatic repulsion leads to the concentration depth profile of the surfactants 
across the A|W interfacial region. β  becomes finally constant since further compression is 
compensated by surfactants’ migration into the bulk where they may aggregate. This results in a 
sparser adsorption layer through which SDS headgroups will no longer be in close contact. 
Compression indeed unbalances the intermolecular forces and causes a redistribution of the heads, 
resulting in a sharper concentration depth profile of the adsorbed surfactants.  
There is another important point to note. If the distribution profile and density of surfactants 
were the same at both A|W and O|W interfaces, β  would interestingly have a more positive (or less 
negative) value at the A|W interface compared to the O|W interface. It evidently shows that the van 
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der Waals attraction between the hydrocarbon tails is considerably stronger at the A|W interface. 
The penetration of oil molecules between the surfactant hydrocarbon chains at the O|W interface 
decreases the effective van der Waals interaction of surfactant tails with each other. In other words, 
both of the electrostatic repulsion between the headgroups and the van der Waals interactions 
between the surfactant chains and the non-aqueous phase, are expected to provide a significant 
contribution to the surfactant immersion. The van der Waals interactions become even more 
pronounced when the hydrophobicity or polarizability of the oil phase molecules increases. This is 
discussed further in detail in Section 7.5.2.  
 
7.5.2. The effect of oil phase on the structure of the adsorption layers at various oil – water 
interfaces 
Rehfeld (Rehfeld, 1967) observed that the surface excess of SDS at alkane – water 
interfaces decreased with the chain length of alkanes. He even found a more dramatic decrease in 
surfactant adsorption at the benzene – water interface – a large minimum area per molecule of about 
0.65 nm2. Although such an expanded adsorption layer at the benzene – water interface can be 
justified by the penetration/dissolving of benzene molecules within the adsorption film and the 
surface water layers (Hutchinson, 1948), no explanation was provided for the observed inverse 
proportionality between SDS adsorption and chain length of the alkane phase. Regarding the fact 
that dispersion forces are stronger for larger molecules, the long-chain alkanes like n-heptadecane, 
in comparison to the short-chain alkanes like n-hexane, are expected to have stronger attractive 
interactions with the SDS tail at the alkane – water interface. As a result, a bigger value of 
equilibrium adsorption constant and a larger adsorption is expected for SDS at the n-heptadecane – 
water interface than the n-hexane – water interface. However, his experiments showed otherwise 
(Rehfeld, 1967). 
Fig. 7.7 illustrates the adsorption isotherms for SDS at the n-octane – water, n-heptadecane 
– water and benzene – water interfaces, fitted excellently ( 2 0.999R > ) to the modified Langmuir 
isotherm for the immersed surfactants model. The extracted adsorption parameters are listed in 
Table 7.3. By going from n-hexane to n-octane, and then to n-heptadecane, the equilibrium 
adsorption constant expectedly increases, as a consequence of stronger van der Waals forces 
between the alkane molecules and the SDS hydrocarbon tail. Such interactions are so energetically-
favorable and stabilizing that the surfactant molecules should exhibit a high tendency towards 
adsorption. However, the surfactant adsorption unexpectedly decreases as the oil phase changes 
from n-hexane to n-octane and to n-heptadecane. To explain this discrepancy, we should also 
consider the variation in the immersion parameter ( ). According to Eq. (7.18), for a certain value 
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of immersion length, l, the bigger   is, the smaller J becomes. The continuous increase in   value 
(Table 7.3) with alkane chain length indicates that even fewer surfactants are immersed in the n-
octane – water and n-heptadecane – water interfaces compared to the n-hexane – water interface, 
suggesting a rather non-immersed adsorption monolayer at the alakne – water interfaces. Once 
almost all SDS heads are located on a single adsorption plane, the lateral electrostatic repulsion 
between the heads separates them, resulting in a sparser adsorption layer. In summary, the strong 
van der Waals forces created by the longer alkanes pull the SDS molecules towards the interface 
and hinder their immersion into the subsurface water layers. To minimize the electrostatic repulsion 
between the headgroups, the system has to reduce the number of the adsorbed surfactants, despite 
their larger equilibrium adsorption constant. A longer surfactant chain or smaller surfactant 
headgroup polarity would also have the same effect on the immersion, and thence, on the surface 
excess of the surfactants. The lateral mobility of a series of ferrocene amphiphiles with various 
headgroup polarities and chain lengths has been measured at the A|W interface using a two-
dimensional electrochemical method. The results showed that the immersion depth of surfactants 
decreased as the surfactant tail became longer or the headgroup became less polar (Kang et al., 
2000). According to our model, a longer surfactant chain results in stronger van der Waals 
interactions, which in combination with a lower headgroup polarity drags the surfactants towards 
the surface to form a non-immersed adsorption monolayer. As a consequence, the minimum area 
per surfactant molecules, and accordingly, their lateral mobility at the surface increase.  
Figure 7.7. Adsorption isotherms for the adsorption of SDS at (○) n-octane – water, (□) n-
heptadecane – water, and (◊) benzene – water interfaces. The solid lines show the best fits to the 
experimental data using the modified Langmuir adsorption isotherm. The experimental surface 
tension data were extracted from Rehfeld’s paper for SDS adsorption at 25 °C (Rehfeld, 1967) and 
the surface excess values were calculated using GAI.  
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Table 7.3. The fitting parameters for the adsorption of SDS at various O|W interfaces extracted 
using the modified Langmuir isotherm. J values were calculated using Eq. (7.18) and the fitting 
values of   and 
∞
Γ  in this table. 
 
 
 
 
 
 
The adsorption parameters for the benzene – water interface demonstrate an even stronger 
interaction between benzene and SDS. An entirely non-immersed structure for the adsorption 
monolayer can be expected in this case, regarding the considerably large value of  (4.29 Ǻ) and 
the lowest value of SDS adsorption (3.29 µmol.m-2). The comparatively larger value of equilibrium 
adsorption constant (K=83.97 m4) indicates quite strong van der Waals interactions between the 
benzene ring and SDS tail. By considering the high polarizability of the π-electron cloud of the 
aromatic ring, such strong interactions are actually expected. However, the dramatic increase in α  
value (0.51 nm2), in comparison to its value at the n-heptadecane – water interface (0.43 nm2), 
shows that there might be another reason for such a sparse adsorption layer in addition to the lateral 
electrostatic repulsions between the non-immersed headgroups. As we mentioned before, such a 
sparsely-packed adsorption layer has already been reported for the SDS monolayer at the benzene - 
water interface and was attributed to the penetration of benzene molecules into the adsorption layer 
and subsurface water layers (Rehfeld, 1967). The π system of the benzene ring is believed to form 
relatively strong complexes with cations (Ma et al., 1997). For the Na+-benzene complex, a binding 
energy of 29.5 kcal.mol-1 has been calculated (Caldwell et al., 1995). Furthermore, this π system is 
capable of forming hydrogen bonds with water (Suzuki S. et al., 1992), which results in its 
relatively high water solubility of 23.81 mM (Rehfeld, 1967) compared to the studied n-alkanes. A 
combination of benzene π system interaction with SDS tail, Na+ and water seems to be responsible 
for benzene penetration into the adsorption layer and the subsurface water layers, resulting in a 
further increase of the minimum area per molecule of SDS at the benzene – water interface. 
In Appendix IV it is discussed that for small values of J (< 0.1), Eq. (7.19) is dominated by 
the first term since almost all surfactant heads are located on a non-immersed adsorption 
monolayer. In this situation, Eq. (7.19) cannot be approximated to Eq. (7.20), and our two-potential 
model fails to describe the system appropriately, and simply turns into a single-potential model. For 
Oil  2 ( . )m ol mμ −∞Γ  2(n m )α    (Å)  4(m )K   (l 1.26 )eqJ = Å
n-Hexane  4.39 0.38  1.22  29.93 0.03 
n-Octane  4.12 0.40  2.87  36.48 - 0.56 
n-Heptadecane  3.90 0.43  3.26  49.22 - 0.61 
Benzene  3.29 0.51  4.29  83.97 - 0.70 
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this reason, by the immersion of one methylene group (l=0.126 nm), J even takes negative values 
for n-octane, n-heptadecane and benzene (Table 7.3), which shows the failure of the two-potential 
model in describing the non-immersed adsorption monolayer. Although the application of our two-
potential model to such non-immersed adsorption monolayers would be erroneous, it could still 
provide valuable insight into the structure of surfactant adsorption layers at various oil – water 
interfaces, as elucidated in this paper.    
7.6. Conclusion  
This chapter discussed the modification of some of the most popular adsorption models in 
order to theoretically describe the adsorption of ionic surfactants by accounting for their immersion 
at fluid – liquid interfaces. The adsorption parameters included the maximum surface excess, 
∞
Γ , 
(or minimum area per molecule, α ), intermolecular interaction parameter, β , equilibrium 
adsorption constant, K, as well as a new one called immersion parameter,  , which is also 
indicative of the surfactant distribution profile across the interface. The α  value for the localized 
adsorption at the A|W interface revealed that immersion could bring the adjacent surfactants into 
close contact so that the head of one touched the tail of the others. This interfacial structure allows 
for such a high surface excess of SDS at the A|W interface, despite its smaller adsorption constant 
in comparison to the O|W interface. For the latter, surfactant immersion is almost 60 - 70% lower 
and the adsorption monolayer is quite non-immersed. The consequent lateral repulsion between the 
sulfate headgroups results in 30% lower surface excess at the O|W than A|W interface.  
The intermolecular interaction parameter, β , was found to be influenced by all 
intermolecular interactions at the interface including surfactant head-head and tail-tail interactions 
as well as the van der Waals interactions between the surfactant tails and non-aqueous phase 
molecules. Any change in the interfacial density of surfactants, i.e., the shape of the surfactant 
distribution profile across the interface, unbalances these interactions and renders the system 
unstable, which is readily reflected in β  values. However, a new adsorption equilibrium is 
established by the redistribution of surfactants at the interface. Ionic surfactants prefer to immerse 
in order to reduce the electrostatic repulsion between heads and achieve full hydration of sulfate 
groups. This immersion results in the formation of a concentration profile across the interfacial 
region. The immersion, however, costs molecules the stabilizing interactions of the hydrocarbon tail 
with the non-aqueous phase. Because of the higher tendency of headgroups for immersion and 
weaker interactions of the hydrocarbon tail with air molecules, immersion is more favorable by 
SDS molecules at A|W interface than at O|W interface and results in a broader concentration profile 
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of surfactants for the former, while the O|W interface prefers quite a non-immersed monolayer 
structure. Therefore, when interpreting surfactant systems behavior, consideration of this interplay 
between β ,   and adsorption energy provides a more physically meaningful picture of the 
interface. For instance, if the immersed surfactants at the A|W interface are pushed back towards the 
interface, the increase in the local density of the surfactants at the adsorption monolayer will lead to 
a negative value of β  (Fig. 7.6) that originates from a considerable increase in the lateral 
electrostatic repulsions between the heads. The system then seeks a way to reduce this local density 
and rebalance its total energy. There are two ways: increasing   and/or decreasing 
∞
Γ . The only 
way to increase   is to decrease J, i.e., to reduce the number of immersed surfactants at the second 
plane (Fig. 7.1-(b)). On the other hand, the minimum area per molecule at the A|W interface is 
smaller than the cross-sectional area of the sulfate headgroup, and the resultant steric effect at such 
a high surface density significantly destabilizes the adsorbed layer at the A|W interface. Reducing 
the amount of surface excess is, however, an appropriate way for the system to stabilize itself. Thus, 
compression of a fully-saturated adsorption layer of ionic surfactants at the A|W interface can 
disturb the thermodynamic equilibrium and inevitably result in the dissolution of some surfactants 
back into the bulk solution where they can create aggregates.  
In summary, ionic surfactants may form either an immersed or a non-immersed adsorption 
layer at fluid – liquid interfaces depending on the physicochemical characteristics of the interfaces 
and surfactants themselves. For hydrophobic oil – water interfaces, the adsorption layers of ionic 
surfactants adopt a quite non-immersed structure in accordance with the assumptions of the 
traditional EDL-based adsorption models where the surfactant headgroups are hypothetically placed 
in the Stern layer. At the air – water interface, ionic surfactants, however, tend to form a 
concentration depth profile, which is apparently contrary to the traditional modelling approaches. 
The immersion-based modification of the EDL-based adsorption presented in this chapter could 
successfully explain the higher surface excess of SDS at the A|W interface compared to the O|W 
interface. 
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8.1. Abstract 
Some salts have been recently shown to decrease the broadband intensity in the SFG 
spectrum of the hydrogen-bonded water molecules. We observed a similar trend for the chloride 
salts of monovalent cations, i.e. LiCl, NaCl and CsCl, at low concentrations. Combining TFPB 
measurements with conventional SFG spectroscopy, we revealed not only the specific adsorption of 
cations at the water surface but also the concentration-dependant effect of ions on the SFG response 
of the interfacial water molecules. We explained this concentration-dependency by assuming that 
direct ion – water interactions and water reorientation under the influence of a surface electric field 
are two main contributors to the overall SFG signal of the hydrogen-bonded water molecules. While 
the former was dominant only at low concentration range, the effect of the latter grew as salt 
concentration rose, leading to the recovery of the broadband intensity at medium concentrations. 
We also discussed the likelihood of a relation between the effect of ions on reorientation dynamics 
of water molecules and the broadband intensity drop in the SFG spectra of salt solutions. A 
mechanism for the cation specific effect was proposed through the formation of an ionic 
capacitance at solution surface, which explains how cations can impart ion specificity while they 
are traditionally believed to be repelled from the interfacial region. 
8.2. Introduction  
Section 2.7.1 covered a summary of the most recent updates and views about the specific 
adsorption of ions at the water surface. Briefly, the less polarizable cations are believed to repel 
more strongly than the polarizable anions of the same electrical charge. Therefore, for the halide 
salts of monovalent cations, the halide anions are expected to reside closer to the water surface than 
the cations, creating a negative surface electric potential. It was also discussed in Section 3.3.2 that 
such an interfacial distribution of ions could influence the interfacial water structure which is 
detectable through the SFG response of water molecules. Nonetheless, few very recent SFG studies 
of the adsorption of ions at water surface have suggested a cation specific effect on the interfacial 
water structure. This chapter tries to understand how cations can impart ion specificity while they 
are believed to be repelled from the air – water interface.  
With respect to the similar inconsistencies and the review of the broader literature provided 
in Sections 2.7.1 and 3.3.2, an idea is evoked that the SFG response of the interfacial water 
molecules to the presence of ions should be interpreted in relation to not only the ion specific effect 
but also the concentration dependency. We hypothesize here that the interfacial water structure is 
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influenced by two main factors; the direct ion – water interactions in and beyond the solvation shell 
and water – EDL interactions caused by the interfacial charge separation. Both factors can be 
significantly affected by the electrolyte concentration. In addition, neither the origin of such 
concentration dependency nor the mechanism of cation specific effect is well understood yet. In 
particular, this chapter aims to investigate the specific adsorption of structureless cations at the air – 
water interface and their impact on the interfacial water structure as well as dependency on the 
electrolyte concentration. First, the thin film pressure balance (TFPB) method is employed to 
determine the electric potential at the surface of the TLFs stabilized by MIBC molecules. Using this 
method, a remarkable specific screening effect of cations on the surface potential was identified. In 
the second stage, the SFG spectra for the solutions of LiCl, NaCl and KCl with concentrations 
ranging from low (50 mM and 0.5 M) to medium (2 M) were recorded in the OH stretch region, i.e. 
3000 – 3800 cm-1. The spectra were interpreted carefully in order to understand the specific and 
concentration–dependent effect of cations on interfacial water molecules that are involved in 
various hydrogen-bonding environment. The possible causes of these effects at the microscopic 
scale were also discussed. The surface ionic capacitance model proposed in this paper gives a hint 
of the possible mechanism of the cation specificity.  
8.3. Experimental details 
All materials and sample solutions were prepared as explained in Section 4.1. Solution 
contamination was checked by recording the SFG spectrum in the CH stretch region from 2800 cm-
1 to 3000 cm-1. Decontamination and glassware cleaning were carried out very carefully in order to 
prevent the introduction of additional surface potential by contaminants. TFPB coupled with a 
micro-interferometer was employed to measure the electric potential at 10 mM MIBC solution 
surface in the presence of different salts following the procedure described in Section 4.3. A porous 
plate was used as the film holder (see Fig. 4.3). In the case of unstable films in 2 M salt solutions, 
the film lifetime, which is defined as the total time period form the appearance of the first fringe 
(Newton ring) until the film rupture, was measured by means of a common “Scheludko – Exerowa” 
cell under atmospheric pressure, instead of a porous plate. SFG measurements were performed 
using the same SFG setup and procedure described in Section 4.4. All measurements were carried 
out in the OH stretch region from 3000 cm-1 to 3800 cm-1 with ssp polarization combination. Before 
each measurement, the SFG signal was optimized at 3200 cm-1, 3400 cm-1 and 3700 cm-1 in order to 
ensure an optimum SFG signal throughout the whole spectrum. Prior to sample measurements, a 
water spectrum was recorded as a reference and compared to those recorded on different days of the 
experiments. Fig. V-1 in Appendix V shows some of the recorded spectra for neat water with 
excellent reproducibility. 
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8.4. Results and discussion  
8.4.1. Specific adsorption of cations and its effect on surface electric potential  
It was mentioned that TLFs are unstable structures and one of the most practical ways to 
stabilize them is the enhancement of the repulsive part of the disjoining pressure through surfactant 
adsorption. Although MIBC molecules are nonionic, they are still capable of creating a moderate 
surface potential through their permanent dipole moments (Fig. 8.1). This electric potential has been 
measured to be about 150 – 200 mV (Phan et al., 2012), which is typical of the adsorption layers of 
alcohols. When the surface potential is suppressed in the presence of electrolytes, the TLF becomes 
unstable, as also demonstrated in Fig. 8.2-(a). Qualitatively, the repulsive disjoining pressure is 
reduced sharply but by different amounts upon the additions of various salts. Even for a CsCl 
concentration as low as 0.1 mM, the specific suppression of disjoining pressure was so strong that 
no stable film was obtained and film rupture was immediate. Fig 8.2-(b) depicts the corresponding 
ln elΠ - H plots and their fits to the linear form of Eq. (6.4):  
0ln ln lnel HκΠ ≈ Π = Π −                                                                                                              (8.1) 
With 2 M salt concentration, no measurement of the disjoining pressure was made because of the 
instability of the films in all solutions. Therefore, only the film lifetime, t, and thickness of film 
rupture, Hr, were measured in this case. Table 8.1 lists the values of surface potentials calculated by 
Eq. (6.6), the extracted Debye – Hückel lengths, and the measured rupture times and thicknesses. 
Figure 8.1. The molecular structure and partial charge distribution of an MIBC molecule calculated 
using the MMFF94 force field in Chem3D software. Grey, blue and red colours represent C, H and 
O atoms, respectively. The dashed black arrow shows the magnitude and direction of the calculated 
molecular dipole moment. The dashed red line illustrates the potential hydrogen bonding between a 
chloride ion and the hydrogen atom of the hydroxyl group. 
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Figure 8.2. (a) Disjoining pressure isotherms obtained from TFPB measurements for 10 mM MIBC 
solutions in the absence/presence of 0.1 mM LiCl, NaCl and KCl at 23°C. (b) Corresponding ln Πel 
– H plots and the best linear fits, as represented by the solid lines and the line equations. 
 
 
Table 8.1. Debye length, λ , surface potential, 0ψ , film lifetime, t, and film rupture thickness, Hr, 
values obtained from TFPB measurements for different MIBC/salt solutions (see Fig. 8.2). 
 
 
At low electrolyte concentration of 0.1 mM, the surface potential has obviously decreased 
from 150 – 200 mV to ~101 mV in the case of LiCl, and then to 68 mV and 39 mV in the presence 
of NaCl and KCl, respectively, exhibiting a remarkable specific effect of cations. Similarly, the 
Debye – Hückel length is the smallest for KCl. Debye – Hückel theory does not account for such 
ion specificity since it treats ions as point charges with no polarizability. Therefore, a thinner ionic 
atmosphere indicates the presence of more electrolyte ions at the solution surface. Despite the 
traditional view of cation repulsion from the solution surface, the observed trend in surface potential 
and the Debye – Hückel length display the larger tendency of the more polarisable cations to 
populate the interfacial area. Even at 2 M salt concentration, where electrostatic interactions are 
Solutions  λ  (nm)  ln Π0  0ψ (mV)  t  (s)  Hr (nm) 
10 mM MIBC + 0.1 mM LiCl  16.4  9.11  101.4  -  - 
10 mM MIBC + 0.1 mM NaCl  16.9  8.75  68.1  -  - 
10 mM MIBC + 0.1 mM KCl  13.7  7.67  39.4  -  - 
10 mM MIBC + 2 M LiCl  -  -  -  48.6 ± 4.3  31.6 ± 2.7 
10 mM MIBC + 2 M NaCl  -  -  -  36.3 ± 11.3  38.8 ± 11.5 
10 mM MIBC + 2 M KCl  -  -  -  30.2 ± 7.6  39.3 ± 7.2 
10 mM MIBC + 2 M CsCl  -  -  -  16.8 ± 3.1  44.3 ± 5.2 
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expected to have been widely screened, TLFs become unstable in the same order 
LiCl<NaCl<KCl<CsCl. By going from LiCl to CsCl, the film life time drops from about 48 s to 17 
s and at the same time, the rupture thickness rises from about 31 nm to 44 nm, showing the specific 
salt effect on the film destabilization. Fig. 8.3 shows a good inverse linear correlation between the 
surface potential and the adsorption energies of cations at solution surface (Ivanov et al., 2011). In 
summary, the interfacial concentration of these salts apparently depends on the specific adsorption 
of their cations. Because of the electroneutrality principle, the specific adsorption of either 
component of an electrolyte, i.e. either anion or cation, will also affect the interfacial concentration 
of its counterion. The result will be an overall specific surface adsorption and screening effect of the 
electrolyte on the surface potential. The stronger repulsion of cations compared to anions does not 
necessarily mean their exclusion from the solution surface, nor their inability to impose specific 
effects on interfacial phenomena.   
 
 
 
 
 
 
 
Figure 8.3. Inverse linear relationship between the surface potentials of 10 mM MIBC + 0.1 mM 
salt solutions and the specific adsorpton energies of cations, as calculated by (Ivanov et al., 2011).   
 
 
8.4.2. SFG spectrum of neat water surface  
It would be valuable to understand how the observed cation specificity affects the interfacial 
water structure and the overall ion distribution at the microscopic scale. This was investigated 
through the SFG response of interfacial water as an indirect probe. Fig. 8.4 demonstrates the 
recorded SFG spectrum for neat water surface under ssp polarization combination, which coincides 
well with the spectra in the literature. The peak assignment of water SFG spectrum and its 
difficulties were discussed in detail in Section 3.3.1. In this chapter, the best fits were obtained by 
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deconvoluting the broadband to four discrete bands as follows. A minimal contribution from the 
component peak centered around 3550 cm-1, which is attributed to the coupling of the OH 
asymmetric stretches and the vibrations of non-tetrahedrally hydrogen-bonded water molecules, has 
been reported by some people (Brown et al., 2000, Gan et al., 2006) but was not considered by 
others (Raymond et al., 2003). The stretches of the bonded OH of the straddling molecules with one 
free OH, i.e. “uncoupled donor OH”, is believed to constitute the major contribution to a negative 
band around 3400 cm-1 (Raymond et al., 2002; Scatena et al., 2001; Tian et al., 2009b). The 
symmetric stretches of the tetrahedrally hydrogen-bonded water molecules lying beneath the 
topmost water layer are discussed to also contribute only partly to this negative band centered 
around 3400 cm-1 (Tian et al., 2009a; Raymond et al., 2003) but their main contribution is to two 
small negative peaks appearing around 3220 cm-1 and 3310 cm-1. The former is assigned to the 
strongly and symmetrically hydrogen-bonded, i.e. “ice-like”, water molecules (Scatena et al., 2001; 
Raymond et al., 2002; Liu et al., 2004). The latter is attributed to the water molecules with more 
disordered and asymmetric hydrogen-bonded environment, i.e. “liquid-like (Raymond et al., 2004; 
Raymond et al., 2002), although it was not accounted for by other researchers (Liu et al., 2004; Du 
et al., 1993). Alternative sets of component peaks have also been used by other groups. 
Nonetheless, the above peak assignments provided satisfactory fits to our experimental spectra. A 
complete deconvolution of the neat water spectrum is provided in Fig. 8.4 and the extracted spectral 
features are listed in Table 8.2. 
 
 
Figure 8.4. SFG Spectrum of (○) neat water obtained with ssp polarisation combination. The solid 
black line shows the overall fit to the spectrum and the coloured lines are the deconvoluted 
component peaks.  
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Table 8.2. Peak features extracted from SFG spectral fitting for neat water and MIBC solutions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The overlap of multiple peaks composing the broadband spanning 3000 – 3600 cm-1 
diminishes the accuracy of spectral fitting. To evaluate our peak assignment, the spectral changes 
arising out of the replacement of the topmost water layer molecules by MIBC molecules were 
recorded. Surface-active alcohols are known to interact only with the topmost water layer below 
surface saturation (Abrankó-Rideg et al., 2013). Therefore, the intensity of the SF signal originating 
from these water molecules should decrease with surface coverage. Fig. 8.5 shows the recorded ssp-
polarized spectra for various concentrations of MIBC solutions. The deconvoluted component peaks 
in each spectrum are also provided in Fig. V-2 of Appendix V. Also, Table 8.2 lists the peak 
features extracted from the spectral fitting. From Chapters 5 and 6, the adsorption monolayer of 
MIBC is known to become fully saturated at 20 mM. Expectedly, the free OH band intensity 
decreased sharply. A similar intensity loss was also observed for the uncoupled donor OH peak 
around 3400 cm-1. Since these two peaks are assigned to the water molecules that straddle the air – 
water interface, the observed intensity loss was interpreted as a consequence of their replacement by 
alcohol OH groups. However, the band at 3400 cm-1 still exhibited considerable intensity even at 
full surface coverage, suggesting a possible contribution from also the tetrahedrally hydrogen-
bonded water molecules, as already discussed. Meanwhile, a decrease in the intensity of 3220 cm-1 
Solutions  υω  (cm
-1)  Aˆυ    υϒ    Aˆυ υϒ  
Neat Water  
3220 
3310 
3410 
3550 
3700 
3750 
 
-139.6 
-105.9 
-348.3 
87.7 
84.8 
34.1 
 
67.87 
72.59 
96.12 
42.54 
16.91 
26.02 
 
-2.06 
-1.46 
-3.62 
2.06 
5.01 
1.31 
5 mM MIBC   
3230 
3315 
3405 
3550 
3705 
3750 
 
-89.05 
-125.9 
-336.6 
69.8 
102 
41.3 
 
52.54 
73.1 
105.4 
54.2 
27.5 
52.85 
 
-1.70 
-1.72 
-3.20 
1.29 
3.72 
0.78 
15 mM MIBC   
3225 
3315 
3405 
3555 
3705 
3745 
 
-92.19 
-131.9 
-316.3 
66.3 
32.6 
18.9 
 
55.77 
73.30 
107.1 
68.37 
12.64 
15.48 
 
-1.65 
-1.80 
-2.95 
0.97 
2.58 
1.22 
20 mM MIBC   
3230 
3305 
3410 
3555 
3700 
3750 
 
-145.7 
-210.2 
-225.8 
69.5 
36.9 
23.1 
 
93.23 
101.6 
99.94 
66.83 
17.81 
15.32 
 
-1.56 
-2.07 
-2.26 
1.04 
2.07 
1.51 
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band was accordingly followed by an intensity enhancement of the band around 3310 cm-1, 
demonstrating an overall weakening and disorder of the hydrogen-bonding network of the 
subsurface water molecules. This may happen under the influence of the electric field created by the 
molecular dipoles of the adsorbed alcohol molecules. Once water molecules are forced to align their 
dipoles in response to the electric field, the ice-like structures become less energetically-favorable. 
This is overcome by small distortions of the hydrogen bonds. This moderate surface potential (~150 
mM) is, however, not strong enough to impose a significant orientation change on subsurface water 
molecules, which makes it possible to trace the contribution of the outermost water molecules to the 
SFG spectrum. Such analysis would be difficult with ionic surfactants, as their extreme surface 
potential is known to greatly increase the overall broadband intensity (Verreault et al., 2012; 
Nguyen et al., 2014b). 
 
Figure 8.5. The recorded ssp spectra for OH stretches of (black) neat water, (red) 5 mM MIBC 
solution, (blue) 15 mM MIBC solution and (purple) 20 mM MIBC solution. The thick lines are the 
overall spectral fits. 
 
 
8.4.3. SFG study of the specific adsorption of cations at the air – water interface 
Any attempt at peak assignment in the absence of reliable information about peak signs 
would be prone to errors, and thus, debatable. The previous phase-sensitive SFG measurements 
have found that the average orientation of water dipoles are altered by ions, significantly and 
specifically (Hua et al., 2011). In other words, the uncertainty in the assignment of peak signs based 
on the conventional SFG measurements is even bigger for salt solutions. Therefore, a rather 
qualitative manner is adopted here when interpreting the salt solutions’ SFG spectra based on the 
variation of the overall broadband intensity rather than the intensities of the individual component 
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peaks. The SFG measurements were performed at two different concentration ranges for LiCl, NaCl 
and CsCl solutions: low concentration (50 mM and 0.5 M) and medium concentration (2 M). The 
recorded spectra are shown in Fig. 8.6. For all solutions, intensity of the free OH band remained 
almost constant, in agreement with the majority of the literature except for a few (Baldelli et al., 
1998: Piatkowski et al., 2014). The broadband, however, exhibited different trends at different 
concentration ranges for all salt solutions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6. The SFG spectra recorded for different concentrations of (a) LiCl, (b) NaCl and (c) 
CsCl solutions under ssp polarization combination. The black line is the overall fit for the neat 
water spectrum, depicted as a reference.  
 
Visually, the overall intensity of the broadband at 2 M solutions seems to have slightly 
increased with LiCl and NaCl, but hardly changed with CsCl. Many of the SFG measurements 
performed by other groups have been focused on the medium salt concentrations (> 1 M) and have 
found a similar intensity enhancement of the broadband. This enhancement has been attributed to 
various causes such as interruption of the interfacial hydrogen-bonding network by large polarizable 
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anions accompanied by an increase in the interfacial depth (Liu et al., 2004) and formation of an 
electrical double layer by the adsorbed anions (Hua et al., 2014). It has already been mentioned that 
PS–SFG and computational techniques have already confirmed the presence and significant effect 
of a surface electric field on interfacial water structure in some salt solutions (Tian et al., 2011; 
Brown et al., 2005). The direction and strength of this electric field show ion specificity (Tian et al., 
2011); that is, the larger and more polarizable ions populate the surface very close to the topmost 
water layer with an underlying layer of smaller counterions, resulting in a charge separation. Such 
charge separation is also more likely to cause the proposed increase in interfacial depth. Although 
the specific distribution of the larger anions such as I
-
 and Br
-
 has been found to have a bigger 
impact on the SFG spectrum of water, recent computations of water SFG spectrum have revealed 
slight charge separation even on the solution surface of some hard ions (Imamura et al., 2012). For 
the salts studied here, the surface propensity of the anion, Cl
-
, is believed to be moderate 
(Piatkowski et al., 2014; Jungwirth et al., 2006). Nevertheless, the recorded spectra clearly show a 
specific effect of cations, i.e. Li
+
, Na
+
 and Cs
+
, on the broadband intensity. In the presence of LiCl, 
the intensity of the broadband exhibited the largest increase compared to the neat water spectrum, as 
also reported by others (Hua et al., 2014). With NaCl, the intensity of the “liquid-like” part of the 
broadband increased only slightly. In the case of CsCl, a band broadening was evident at the 
strongly hydrogen-bonded region (below 3200 cm-1) of the spectrum, and the overall band intensity 
showed the smallest difference form water spectrum. By attributing this observation to the 
reorientation of the hydrogen-bonded water molecules under the influence of the created surface 
potential, it then follows that the surface potential should be stronger with LiCl but weaker with 
CsCl. This is against our findings in Section 8.4.1 where the surface propensities of the cations were 
observed to follow the order Li
+
<Na
+
<Cs
+
.    
To resolve this paradoxical observation, it is hypothesized that the interfacial charge 
separation gives birth to a microscopic capacitance at the surface with its negative and positive 
plates populated by chloride anions and cations, respectively. Because of the higher polarizability of 
chloride ions (Table 8.3), the anionic plate stands closer to the surface than the cationic plate. The 
interfacial water molecules fill the gap between the two plates as a dielectric substance. The 
electrical potential created in this way between two plates, CΦ , is given by the classic electrostatics: 
04 ion C
C
C
e N
A
π
ε
∇Φ =                                                                                                                            (8.2) 
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where ionN  is the number of the anions or cations on each plate; CA  is the area of the capacitance 
plates (solution surface) and C∇  is the distance between two plates and is a measure of the 
interfacial separation between anions and cations. For a constant surface area, the surface electric 
potential, therefore, increases with the surface population and separation of cations and anions.  
Based on this model, if either of cation and anion populates one of the plates, its counterion 
should also populate the other plate by the same (excess) amount in order for the principle of 
electroneutrality to be satisfied at the solution surface. Therefore, the more polarizable the cations 
are, the more tendency they will have towards the surface and the larger amount of salt will adsorb 
at capacitance plates which means a larger value of ionN . This also explains why the Debye – 
Hückel length obtained in Section 8.4.1 is smaller for KCl. On the other hand, the charge 
separation, C∇ , depends on the difference in the relative polarizabilities of the anion and cation 
composing a salt. The larger the difference is, the stronger the charge separation will be, which 
means a bigger C∇ . The SFG results can be interpreted with regard to the absolute and relative 
polarizabilities of anions and cations. From Table 8.3, the polarizability of the studied ions follows 
the order Li
+
<Na
+
<Cs
+
<Cl
-
, while the polarizability difference is in the order CsCl<NaCl<LiCl. In 
other words, LiCl should create the largest charge separation at the surface, in spite of its smaller 
surface propensity. CsCl, which is expected to have the greatest surface propensity, creates the 
smallest charge separation. The overall effect is that the surface potential and the consequent water 
reorientation are the strongest in LiCl, but the weakest in CsCl solution surfaces. 
 
Table 8.3. The values of entropy change for water molecules in the presence of ions, ΔSwater 
(Krestov, 1991), polarizability in water, 0α  (Tavares et al., 2004) and adsorption energies of ions at 
water surface, u0/kBT (Ivanov et al., 2011) provided in the literature for dilute salt solutions. 
 
 
 
 
The validity of this hypothesis was tested by recording the SFG spectra for 2 M salt 
solutions in the presence of 15 mM MIBC. In Section 8.4.2 it was demonstrated that the surface 
coverage by MIBC molecules decreased the band intensity at 3400 cm-1 by replacing the water 
Parameter 
 Ions 
 Li+  Na+  K+  Cs+  Cl- 
ΔSwater  (JK-1mol-1) - 69 -19 +46 +20    +21   
α0 (Å)   0.0285  0.1485  0.7912  2.2643  3.764 
u0/kBT 
 - 0.09  - 0.34  - 0.97  ---  - 1.49 
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molecules at the topmost surface layer, but also slightly increased the 3310 cm-1 peak intensity 
through reorienting the hydrogen-bonded water molecules under the influence of a moderate surface 
potential, which was created by the adsorbed MIBC dipole moments. The direction of this electric 
field is opposite the electric field generated by the charge separation on salt solution surfaces. 
Therefore, in the presence of both salt and MIBC, two electric fields should cancel out each other, 
and their reorientation effect on the water molecules should diminish. Nevertheless, peak 
deconvolution revealed that the addition of MIBC to 2 M salt solutions increased the broadband 
intensity in comparison to the 20 mM MIBC solution spectrum (Fig. 8.7) and 2 M salt solutions 
spectra (Fig. 8.6). Fig. 8.7 demonstrates the recorded ssp-polarized spectra for MIBC/salt solutions. 
The major increase was observed for the tetrahedrally–bonded water signal around 3220 cm-1 and 
3310 cm-1, implying a stronger orientational ordering of hydrogen-bonded water molecules at the 
subsurface region. Among the salts, CsCl and NaCl solutions experienced the largest and smallest 
intensity increments, respectively. At full surface coverage, the well-ordered layer of MIBC dipole 
moments creates a positive surface potential that repels cations further towards bulk but attracts 
even more chloride ions to the surface. In addition, chloride ions are capable of forming hydrogen 
bonding with the positively charged hydrogen atom of the alcohol hydroxyl group (Fig. 8.1). 
According to Eq. (8.2), the addition of MIBC to 2 M salt solutions should thus promote the electric 
field through increasing both charge separation and density at solution surface. The CsCl surface 
capacitance will benefit most from the enhancement of charge separation, while the LiCl surface 
capacitance will be affected mainly by the increased charge density. The promoted electrical field 
will reorient more water molecules, giving rise to the observed considerable increase in the 
broadband intensity. The NaCl Surface capacitance is affected less, probably because of its smaller 
charge density than the CsCl surface capacitance and its weaker charge separation than the LiCl 
surface capacitance. 
 
 
 
 
 
 
Figure 8.7. The SFG spectra recorded for 2 M solutions of LiCl, NaCl and CsCl in the presence of 
15 mM MIBC. The black line is the overall fit for the 20 mM MIBC solution, depicted as a 
reference.  
CHAPTER 8. Specific Adsorption of Cations at the Air-Water Interface 
 
166 
 
The observed significant intensity drop of the broadband at low concentration range is not, 
on the other hand, a common observation. Only a few groups have recently reported a similar 
intensity loss for low concentrations of halide salts (Feng et al., 2009; Nguyen et al., 2014a; Laß et 
al., 2011) but a proper explanation of its origin is yet to be given. A possible explanation could be 
the replacement of the interfacial water molecules by the ions. That could lead to a decrease in the 
total number of the oscillators contributing to the SFG signal, according to Eq. (3.15). There is only 
one pair of ions, i.e. one anion and one cation, per 1100 water molecules in 50 mM and per 110 
water molecules in 0.5 M salt solutions. The bare ionic radius of the largest ion, Cl
-
, is 1.81 Å, 
which is almost equal to the radius of one single water molecule. Therefore, the number of the 
water molecules replaced by ions is not large enough to cause this tremendous SFG signal drop.  
It was demonstrated in Section 8.4.2 that a fully saturated adsorption layer of MIBC creates 
a positive surface potential of about 150 mV, which causes only a moderate orientational ordering 
of interfacial water molecules. From the provided spectral analysis of both neat water and 20 mM 
MIBC solution surfaces, one can expect that the majority of the subsurface water molecules 
contributing to the negative broadband orient their transition dipole moments averagely towards the 
bulk liquid. According to previous phase-sensitive SFG measurements, the surface electric field 
created by halide salts of monovalent cations can completely invert the signs of the vibrations 
relating to the tetrahedrally hydrogen–bonded water molecules at high concentrations, while signs 
of the negative band at 3400 cm-1 remain almost unchanged (Hua et al., 2011; Hua et al., 2014; Tian 
et al., 2011). This means that by increasing the salt concentration, the electric potential inside the 
ionic capacitance at solution surface increases. In response to the growing electric potential, more 
tetrahedrally hydrogen-bonded water molecules orient their transition dipole moments towards the 
air phase. At some concentration, the overall broadband intensity should then go through a 
minimum. At high salt concentration, the majority of the interfacial water dipoles are inverted and 
ordered under the influence of a stronger surface potential, giving rise to the considerable increase 
in the broadband intensity. Accordingly, the band signs will also be inverted, although this is not 
directly detectable by ( )
22χ  spectra, but is reflected in the form of an initial intensity drop followed 
by an intensity enhancement.  
Additionally, the magnitude of the overall broadband intensity drop for 50 mM salt 
solutions follows the order LiCl<NaCl<CsCl (Fig. 8.6). If one considered the claimed perturbing 
effect of salts on the interfacial water structure (Liu et al., 2004), this would mean that CsCl 
perturbed interfacial water structure the most, while LiCl caused the smallest perturbation. We 
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noticed this accorded well with the reported thermodynamic data on the total entropy change of 
water molecules solvating four individual ions. According to Table 8.3, Cl
-
 should perturb water 
slightly (ΔS = +20 JK-1mol-1). Among the cations, Li+ (ΔS = -69 JK-1mol-1) and Na+ (ΔS = -19 JK-
1mol-1) are predicted to have small ordering effects on water structure, while Cs
+ 
(ΔS = +46 JK-
1mol-1) should cause a slight structural perturbation. Ions are traditionally classified as “structure-
breaking” and “structure-making” based on their effects on the water hydrogen bonding network 
(Marcus, 2009). While the former group is believed to weaken the hydrogen bonding, the latter 
group promotes it. Given this definition, CsCl is the most structure-breaking of all three salts and 
LiCl is the most structure-making (or least structure-breaking) of them. This classification is mostly 
based on some macroscopic observations such as the viscosity coefficients of salt solutions 
(Marcus, 2009). The attempts to find molecular-level evidence for the effect of ions on water 
hydrogen bonding network have led to conflicting findings. FTIR analysis of the OD stretching 
band in salt solutions has revealed either a blueshift or a redshift of the stretching band in the 
presence of structure-breaking or structure-making ions, respectively (Nickolov et al., 2005). MD 
simulation has predicted similar band shifts (Jungwirth et al., 2001). SFG spectroscopy of salt 
solutions has also reported the observation of same shifts for the hydrogen-bonded water stretches 
in salt solutions (Piatkowski et al., 2014; Raymond et al., 2004). However, no relationship has yet 
been found between intensity drop of the broadband and the kosmotropic-chaotropic effect of ions 
on the interfacial water structure. At this stage, it would be quite hypothetical to directly relate the 
observed SFG intensity drop to chaotropicity of the studied salts.  
Some recent studies have demonstrated that ions can specifically affect the water 
reorientation dynamics. Although orientational correlation time measurements (Omta et al., 2003) 
suggested no influence of the studied salts on the rotational dynamics of the water molecules 
outside their first solvation shells, later measurements by Bakker et al. showed that the number of 
the slowly reorienting water molecules increased with kosmotropicity of the studied salts in the 
order MgSO4>MgCl2>LiCl>Mg(ClO4)2>Cs2SO4>CsCl (Tielrooij et al., 2010). They also found that 
for certain combinations of anions and cations, the slowing effect of ions on water reorientation 
extended well beyond the first solvation shell of ions through the creation of locked water clusters. 
Their methodology was able only to track the reorientation slowdown of water molecules and gave 
no clues to the fraction of the accelerated water molecules. This was carried out by the 
computational study of the effect of hydrated Cs
+
 ions on water dynamics (Schwenk et al., 2004). 
The results clearly showed an acceleration in reorientation dynamics of water molecules, which was 
interpreted as the structure-breaking effect of Cs
+ 
ions on water structure. There are also other 
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reports of the structure-breaking effect of CsCl salt on reorientation dynamics of water molecules 
that are believed to extend to the first co-sphere of the component ions (Sacco et al., 1994). It is not 
yet clear how the specific effect of ions on the interfacial water dynamics can be reflected on the 
SFG spectrum of salt solutions in the form of an intensity drop. We thus call upon the community to 
pay specific attention to the investigation of the validity of this hypothesis and elucidation of the 
mechanism behind it.  
In sum, the observed drop in the broadband intensity is dominant only at low concentrations 
but loses its dominance as salt concentration rises. At medium concentrations, the effect of the 
surface potential is so strong that it imposes significant orientational changes to the water 
molecules. By going from 50 mM to 0.5 M, the broadband intensity slightly increases for LiCl and 
CsCl solutions but further decreases for NaCl solutions. This confirms once again the earlier 
discussion that the surface electric field is stronger for LiCl and CsCl because of the larger charge 
density and separation in their solutions, compared to NaCl.  
8.5. Conclusion  
Our TFPB measurements revealed a specific effect of cations on the surface electric potential 
created by a layer of MIBC molecules adsorbed at the air/water interface. The Debye – Hückel 
theory does not account for ion specificity. Therefore, the observed sharp reduction of the surface 
potential and the Debye – Hückel length in the order LiCl>NaCl>KCl>CsCl, is indicative of the 
increased overall number (adsorption) of the ions at the interfacial region in the reverse order. 
Because the anion is the same for all these salts, this ion specific effect is definitely caused by the 
monovalent cations. Regarding the electroneutrality of interface, the specific adsorption of cations 
in the order Li
+
<Na
+
< K
+
<Cs
+
 requires that the number of the counterion, i.e. Cl
-
, should also 
increase accordingly and in the same order. Therefore, the major finding of the TFPB measurements 
is that the total number of ions (anion + cation) at the interfacial region follows the order 
LiCl<NaCl<KCl<CsCl as a consequence of the specific adsorption of cations. Therefore, the ionic 
strength in the vicinity of the surface is higher (or in other terms, the ionic atmosphere is thinner) 
for CsCl solution than NaCl than KCl than LiCl. In a thin liquid film where two interfaces interact 
through the overlapping EDLs, the repulsive disjoining pressure should then be the weakest in the 
CsCl solution and the strongest in the LiCl solution, resulting in the decreasing thickness/stability of 
the thin films in the order LiCl>NaCl>KCl>CsCl, as also shown in Table 1. 
Although the TFPB measurements could identify the relative interfacial population of the 
studied ions, they gave scarcely any clue as to how these ions are distributed across the interface. 
Because of the charge separation between anions and cations, an ionic capacitance is created at the 
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interfacial region. By deriving a conclusion purely based on the TFPB data, one might expect that 
the electrical potential difference between the plates of this ionic capacitance should be in the order 
CsCl>NaCl>LiCl. Since a stronger electric field would reorient more water molecule between the 
plates, the broadband SFG intensity for the solutions of these salts should logically increase in the 
same order, i.e. CsCl>NaCl>LiCl. Nevertheless, our SFG measurements in 2 M salt solutions 
revealed a reverse order, i.e. LiCl>NaCl>CsCl, implying a stronger electric field for LiCl 
capacitance than the other two. It is worth mentioning here that the thicknesses of the thin films, as 
listed in Table 1, are over one order of magnitude larger than the interfacial depth, which is believed 
to be less than 1 nm. Therefore, the electric potential measured by TFPB is not identical to the 
electric potential difference between the ionic capacitance plates, but the screened overall electrical 
potential in the bulk that both surfaces of the thin films apply to each other. The strength of the 
electric field between the ionic capacitance plates indeed depends not only on the surface 
population of the ions, but also on the spatial separation of anions and cations. This charge 
separation cannot be deduced from TFPB measurements but from the SFG spectra. The observed 
paradox was thus resolved by accounting for the charge separation, which is controlled by the 
difference in the relative polarizability of anions and cations. For the studied salts, the polarizability 
difference between the anion and cation, and consequently the charge separation, follows the order 
LiCl>NaCl>CsCl, which is the same order as the observed broadband intensity enhancement. Li+ 
ions are the hardest ions and are repelled strongly from the interface. According to Eq. (12), this 
charge separation strengthens the electrical potential difference between the capacitance plates. 
Therefore, more water molecules are orientated by LiCl capacitance than NaCl capacitance than 
CsCl capacitance, despite the fact that more ions reside at the surface of a CsCl solution than an 
NaCl solution than an LiCl solution. 
Along with cation specificity, the initial decrease of the broadband intensity at low 
concentrations followed by an intensity increase at medium concentrations suggested a strong 
dependency of interfacial water SFG response on salt concentration. We explained this 
concentration dependency by assuming that the SFG response of salts at low concentrations is 
dominantly determined by the direct interactions of ions with water molecules in, and probably, 
beyond their first solvation shells as well as the weaker re-orientational effect of the surface electric 
potential on tetrahedrally hydrogen-bonded water molecules. The former explanation was based on 
the observation of a good correlation between the kosmotropic-chaotropic nature of ions and the 
magnitude by which the broadband signal dropped. The real mechanism of this phenomenon is not 
known to us, at present. However, we suspect that it originates from the specific effect of ions on 
the reorientation dynamics of interfacial water within the hydrogen-bonding network. At 
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medium/high concentration, the ion-water interactions lose their effectiveness to the creation of a 
strong surface electric field. The strength of this electric field showed cation specificity which could 
not be explained by the traditional thermodynamic view that supposes a cation depleted surface. 
The proposed ionic capacitance model also helped us to explain this observation, as the strength of 
this electric potential depends on the density and separation of charges, i.e. anions and cations, at 
the interface. The interpretations presented in this work can also be successfully used to explain the 
similar concentration-dependent ion specificity observed by the other groups.  
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9.1. The main findings of this thesis 
In this thesis, the interfacial adsorption/distribution and the microscopic structure of some 
surface-active alcohols, surfactants and inorganic salts at the air – water interface were investigated 
using a combination of modified adsorption models, macroscopic experimental measurements and 
surface-sensitive vibrational spectroscopy. The comprehensive set of the thermodynamic and 
experimental data obtained at both microscopic and macroscopic levels suggest the following majn 
findings: 
• The SFG spectroscopic measurement of the adsorption of some low-molecular-weight 
surface-active alcohols was compared to the measured equilibrium surface tension data to 
find that the adsorption continued even after the full saturation of their topmost adsorption 
layer. This behaviour was attributed to the under-monolayer adsorption of the alcohol 
molecules beneath the topmost monolayer with a significant contribution to the total 
solution surface tension. This is in contradiction to the traditional view that hypothetically 
places all the adsorbates, which contribute to the solution surface tension, on the Gibbs 
dividing plane. It was discussed in Chapter 5 that such a traditional view has recently caused 
arguments about the applicability of GAI to the surface tension data analysis. Because of the 
limited surface area of an adsorption monolayer, it should become finally saturated at some 
bulk concentration. This concentration is believed to be around or at the CMC point, 
implying that the surfactant adsorption takes place progressively throughout the entire 
Region II of a surface tension plot. It was also observed in Chapter 5 that the topmost 
monolayer became fully saturated at some point in the middle of the linear Region II. Thus, 
the linearity of this region cannot be an indicative of the end of the adsorption process. This 
suggested a different adsorption geometry which in some cases can also contribute to the 
solvation of the Gibbs paradox; the progressive under-monolayer adsorption. 
• Adsorption geometry, i.e. under-monolayer adsorption, was also found to significantly affect 
the dynamic and rheological behaviour of the air – water interface. It is an old observation 
that the foamability of alcohol solutions drops at an optimum concentration, Copt. The 
explanations made so far about the origins of this phenomenon are not satisfactory. 
Comparison of the spectroscopic results with the foamability measurements for n-pentanol, 
MIBC and n-hexanol solutions revealed that the foamability drop happened right after the 
full saturation of the topmost adsorption layer and is connected with the under-monolayer 
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adsorption phenomena. Measurement of the dilatational viscoelasticity and the drainage rate 
of the TLFs of these alcohol solutions confirmed the weakening of the Marangoni stress in 
the presence of the under-monolayer alcohol molecules. It was hypothesized that the fast 
diffusion of the alcohol molecules from the under-monolayer region towards the topmost 
surface layer decreased the surface tension gradient, resulting in the observed reduction of 
the foamability and foam stability. In summary, unlike the interfacial properties measured at 
static conditions such as equilibrium surface tension, the dynamic behaviour of the interface 
and adsorption layers were demonstrated to be sensitive to the adsorption geometry of 
surface-active molecules.  
• The models developed in Chapter 7 in order to incorporate the effect of surfactant 
immersion into the monolayer-based adsorption models showed that the interfacial 
distribution of ionic surfactants is highly influenced by the hydrophobicity of the non-
aqueous phase at the fluid – water interfaces. The higher the hydrophobicity is, the more 
non-immersed shape is adopted by the adsorption monolayer. As a consequence, the 
adsorption monolayer of SDS at the oil – water interface becomes rather non-immersed in 
comparison to the air – water interface. Such adsorption geometry requires that less 
surfactant is adsorbed at the interface in order to avoid the unfavourable lateral electrostatic 
repulsion between the ionic headgroups. The adsorption models modified in this way 
successfully explained the half-a-century-old observation of a lower surface excess of ionic 
surfactants at oil –water interfaces than the air – water interface. 
• Finally, in Chapter 8, the direct measurement of the disjoining pressure in the solutions of 
some chloride salts showed a significant specific effect of monovalent cations on surface 
electric potential. SFG spectroscopy then revealed the specific adsorption of these cations at 
the water surface and its significant effect on the interfacial water structure. This is in 
contradiction to the traditional view of a cation-free interface. The proposed ionic 
capacitance model could successfully explain this observation by accounting for the charge 
separation created because of the difference in the polarizability of these ions. It was also 
observed that the SFG response of the interfacial water molecules depended on the salt 
concentration. At medium to high concentrations, the electric potential created between the 
cationic and the anionic plates of this ionic capacitance imposed the reorientation of water 
molecules. At low concentration, a drop in the intensity of the broadband was observed in 
the water SFG spectrum. The trend of this intensity drop was in accordance with the 
kosmotropicity – chaotropicity of the cations. It was therefore hypothesized that the specific 
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effect of ions on the orientational dynamics of interfacial water could be the reason behind 
this phenomenon.   
9.2. General conclusion 
From the abovementioned findings, the following general conclusions can be made about 
the studied systems: 
• The observation of the under-monolayer adsorption means that the full saturation of the 
topmost adsorption monolayer does not necessarily mean the end of the adsorption process 
as long as the subsurface region is also available for the adsorption of adsorbates. The 
concept of under-monolayer adsorption cannot be explained by the Gibbs convention since 
the Gibbs dividing plane is generally taken as equal to the adsorption monolayer. The full 
saturation of this adsorption monolayer should, therefore, be the end of the adsorption 
process. The Guggenheim concept of the extended interface, on the other hand, 
accommodates the under-monolayer adsorption. These two conventions are not easily 
distinguishable by equilibrium tensiometry. The thermodynamic approach used by both 
conventions is basically the same. Nonetheless, their different definitions of the interfacial 
geometry seem to be distinguishable by the dynamic behaviour of interfaces such the 
dilatational surface elasticity. The adsorption geometry is therefore at least as important as 
the adsorption thermodynamics when speaking of the surfactant adsorption at fluid – liquid 
interfaces, although it has been carelessly neglected by most of the classical adsorption 
models. It has also been one of the probable causes of some recent arguments and 
inconsistencies in the community including the Gibbs paradox and the self-defoaming of 
alcohol solutions.  
• Although monolayer-based adsorption models such as Langmuir’s give reliable results for 
fluid – solid interfaces where a sharp interface exists between two phases, adsorbates tend to 
create a concentration depth profile at fluid – liquid interfaces. Therefore, some assumptions 
made by these models such as the neglect of charge discreteness or the uniformity of the 
surface potential may not be satisfied by a specific surfactant system at fluid – liquid 
interfaces. This may produce erroneous thermodynamic data when analysing the surfactant 
adsorption at these interfaces. These thermodynamic data are valuable but not sufficient. 
Now that the community has access to surface-sensitive techniques such as non-linear 
spectroscopy, it would be better to also analyse the microscopic structure of interface and 
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absorption layers experimentally in order to obtain complementary data that would 
definitely provide more accurate information about interfaces. 
• Ion specific effects on the interfacial water structure can be created not only by anions, as 
proposed by the traditional view, but also by cations. The key point here is that charge 
separation, which creates a surface potential, can happen as long as the polarizabilities of 
ions are different, regardless of the sign of their charges. The interfacial water molecules 
restructure themselves accordingly and in response to this surface potential. These structural 
changes can be detected successfully by the SFG spectroscopy of the OH stretches which 
can, in turn, help us understand the molecular origins of the ion specific effects on other 
interfacial phenomena. 
9.3. Recommendations for the future works 
• Although the under-monolayer adsorption was evidenced by multiple techniques in this 
thesis, no details were provided about the microscopic structure and organisation of 
adsorbates in the under-monolayer region. Further investigations should, therefore, be 
carried out using appropriate methods with subsurface sensitivity such as neutron or X-ray 
reflectivity, if feasible. It should also be noted that this thesis is only one of a few works in 
the literature that suggest the concept of under-monolayer adsorption. Additional 
experimental or computational evidence is recommended to be collected for this 
phenomenon.  
• The effect of under-monolayer adsorption is recommended to be incorporated into the 
theory of TLF drainage and Eq. (6.15) should be modified for the diffusion of molecules 
from the under-monolayer region. The electric potential at the surface of TLFs is 
recommended to be measured experimentally at the concentrations where under-monolayer 
adsorption takes place. The effect of under-monolayer molecules on the surface potential 
should be understood very well before modifying the film drainage theory accordingly. 
• Further modification of our two-potential model, developed for the immersed ionic 
surfactants, depends on the advancement of the theories that account for the charge 
discreteness. Once such theories are available, it is recommended that the adsorption models 
for the immersed surfactants are further developed by accounting for the effect of the 
concentration depth profile of the ionic headgroups and the created surface potential on the 
interfacial distribution of coions and counterions.  
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• PS-SFG and time-domain spectroscopy are recommended to be used in order to evaluate our 
assumption of the specific effect of ions on the orientational dynamic of the interfacial water 
molecules. 
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Appendix I   
Table I-1. Nomenclature 
Amplitude of a molecular vibration Aˆυ   
Average immersion length  l 
Bare ionic radius ir   
Boltzmann constant Bk   
Bulk activity a 
Bulk concentration c 
Charge of an ion iq   
Chemical potential μ 
Concentration-dependent Debye parameter  0κ   
Cross-sectional area of a cylindrical molecule d 
Damping coefficient of a vibrational mode υϒ   
Debye – Hückel length λ   
Debye parameter κ   
Density ρ 
Dielectric constant of air ε ′   
Dielectric constant of water  ε   
Diffusion coefficient D 
Dimensionless surface electrical potential 0Ψ  
Disjoining Pressure Π   
Dispersion potential ˆ DispU   
Distance between ionic capacitance plates C∇   
Electric dipole moment μ   
Electric field strength ℑ   
Electric potential of interfacial ionic capacitance  CΦ   
Electrical double layer charge  dlQ   
Electrical double layer potential dψ   
Electronic charge 0e   
Entropy S 
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Equilibrium adsorption constant K 
Equilibrium adsorption constant in the absence of ion specificity (0)K   
Euler angle transformation (rotation) matrix ∂  
Frequency ω   
Fresnel factor ( )L ω   
Gas constant R 
Gibbs elasticity GE   
Gravitational constant g 
Hamaker – Lifshitz constant A   
Hyper-polarizability β   
Immersion parameter   
Incidence angle of a laser beam at an interface Θ  
Intermolecular interaction (cooperativity) parameter  β  
Internal energy of a system U 
Ion – image interaction potential  ( )iW zΔ   
Ion – specific equilibrium adsorption constant  K′   
Length of a cylindrical molecule L   
Light (signal) intensity ( )I ω   
Linear susceptibility (1)χ   
Minimum area per surfactant molecule α   
Polarizability α   
Polarization  ℜ   
Pressure  P 
Radius of a liquid surface meniscus cR   
Radius of a TLF fR   
Refracted angle of a laser beam at an interface Ξ   
Refractive index n 
Second-order non-linear susceptibility (2)χ   
Specific adsorption energy of an ion at surface  0u   
Static excess polarizability  *(0)α   
Surface coverage θ 
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Surface electrical potential 0ψ   
Surface excess Γ 
Surface tension γ 
Surface/interface area  A 
Temperature T 
Thickness of a TLF H 
Thickness of interfacial region  τ 
Time t 
TLF lifetime t 
Total electrolyte concentration in bulk solution tc   
Total number of a component “i” Ni 
Unit polarization vector  eˆ( )ω   
Vacuum permittivity  0ε   
Viscosity ℘   
Volume  V 
Wavelength  Λ   
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Appendix II 
Figure II-1. The SFG spectra under (top) ssp and (bottom) ppp polarization combinations obtained 
for the various MIBC concentrations in the presence of 2 M NaCl. 
 
Figure II-2. The SFG spectra for the solutions with 10 mM MIBC and various concentrations of 
NaCl. 
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Figure II-3. The SFG spectra for the solutions with 20 mM MIBC and various concentrations of 
NaCl. 
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Appendix III 
 
Figure III-1. Dynamic Surface tension data obtained for different concentrations of (a) n-pentanol, 
(b) MIBC, and (c) n-hexanol. 
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Figure III-2. Gibbs elasticity, EG, of the foam films calculated using the surface tension isotherm 
for the adsorption of (red line) n-pentanol, (blue line) MIBC and (black line) n-hexanol. 
 
 
 
 
 
Table III-1. The peak features extracted from spectral fitting for n-hexanol solutions. 
 
 
Peak assignment  υω  (cm
-1)
 ssp  ppp 
n-Hexanol Aˆυ    υϒ   Aˆυ    υϒ  
5 mM 
CH2 sυ   2855  244.48  9.68  -27.17  7.11 
CH3 sυ   2880  386.92  5.49  4.67  2.22 
CH2 asυ   2925  71.48  4.48  41.35  9.67 
CH3 asυ   2965  -  -  230.02  5.16 
CH2 FRυ   2910  -152.85  7.52  80.68  10.10 
CH3 FRυ   2945  192.07  6.59  13.59  5.49 
10 mM 
CH2 sυ   2855  265.33  10.06  -17.51  11.22 
CH3 sυ   2880  454.87  5.59  3.21  1.87 
CH2 asυ   2930  34.67  4.98  26.64  6.67 
CH3 asυ   2965  -  -  304.07  5.43 
CH2 FRυ   2910  -168.39  7.27  81.09  10.11 
CH3 FRυ   2945  289.91  6.93  17.41  4.89 
25 mM 
CH2 sυ   2855  248.84  10.33  -445.68  67.97 
CH3 sυ   2880  527.35  5.74  20.32  2.98 
CH2 asυ   2930  36.41  4.10  14.94  2.78 
CH3 asυ   2965  -  -  350.12  5.47 
CH2 FRυ   2910  -244.26  10.77  92.96  11.99 
CH3 FRυ   2945  349.14  7.05  18.05  6.99 
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Table III-2. The peak features extracted from spectral fitting for MIBC solutions. 
 
35 mM 
CH2 sυ   2855  201.42  7.96  -18.18  9.01 
CH3 sυ   2880  531.45  5.49  15.21  2.98 
CH2 asυ   2930  84.80  9.24  20.20  3.09 
CH3 asυ   2965  -  -  368.12  5.44 
CH2 FRυ   2905  -232.02  8.81  50.52  8.11 
CH3 FRυ   2945  291.97  5.86  15.24  3.89 
40 mM 
CH2 sυ   2855  199.87  7.92  -8.45  5.01 
CH3 sυ   2880  554.81  5.74  10.22  4.04 
CH2 asυ   2925  47.19  7.98  60.24  5.88 
CH3 asυ   2965  -  -  386.26  5.74 
CH2 FRυ   2910  -198.97  8.01  50.31  8.24 
CH3 FRυ   2945  356.07  6.90  15.68  6.97 
50 mM 
CH2 sυ   2855  218.13  8.48  -8.11  5.12 
CH3 sυ   2880  529.47  5.48  10.02  1.98 
CH2 asυ   2930  39.98  5.91  60.14  7.76 
CH3 asυ   2965  -  -  399.32  9.87 
CH2 FRυ   2910  -217.96  9.42  49.41  9.07 
CH3 FRυ   2945  346.57  6.42  15.44  4.71 
 
Peak assignment  υω  (cm
-1)
 ssp  ppp 
MIBC Aˆυ    υϒ   Aˆυ    υϒ  
5 mM 
CH2 sυ   2840  40.45  8.91  7.08  6.91 
CH3 sυ   2875  310.33  7.63  100.32  13.12 
CH2 asυ   2925  7.42  3.25  29.63  5.12 
CH3 asυ   2965  133.65  10.11  308.44  8.71 
CH2 FRυ   2905  -68.23  4.21  34.63  6.05 
CH3 FRυ   2945  172.44  8.39  65.32  6.85 
10 mM 
CH2 sυ   2840  66.97  10.76  24.65  13.66 
CH3 sυ   2875  399.14  7.87  53.75  10.51 
CH2 asυ   2925  10.11  4.25  30.25  20.96 
CH3 asυ   2965  70.91  6.42  333.71  8.08 
CH2 FRυ   2905  -91.96  4.12  26.31  5.12 
CH3 FRυ   2945  305.07  9.15  28.63  4.48 
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Table III-3. The peak features extracted from spectral fitting for n-pentanol solutions. 
 
15 mM 
CH2 sυ   2840  77.89  13.60  7.01  2.98 
CH3 sυ   2875  465.42  7.81  55.95  8.32 
CH2 asυ   2925  11.24  4.87  83.16  29.34 
CH3 asυ   2965  128.67  7.88  385.21  8.25 
CH2 FRυ   2905  -104.59  3.87  31.08  5.42 
CH3 FRυ   2945  348.49  9.99  42.55  5.18 
20 mM 
CH2 sυ   2840  38.67  6.56  14.97  5.24 
CH3 sυ   2875  468.99  7.44  55.67  7.73 
CH2 asυ   2925  8.45  3.98  38.47  6.59 
CH3 asυ   2965  109.19  7.28  378.98  7.69 
CH2 FRυ   2905  -116.58  3.88  35.67  5.56 
CH3 FRυ   2945  392.09  10.25  99.78  9.60 
30 mM 
CH2 sυ   2840  47.66  5.99  7.99  5.12 
CH3 sυ   2875  516.71  8.12  45.95  7.81 
CH2 asυ   2925  17.87  4.25  12.75  3.27 
CH3 asυ   2965  103.62  7.26  371.62  7.42 
CH2 FRυ   2905  -123.11  3.94  32.21  6.23 
CH3 FRυ   2945  390.03  9.41  116.52  11.23 
 
Peak assignment  υω  (cm
-1)
 ssp  ppp 
n-Pentanol Aˆυ    υϒ   Aˆυ    υϒ  
20 mM 
CH2 sυ   2860  181.90  11.30  10.62  3.03 
CH3 sυ   2880  228.36  5.25  4.60  1.99 
CH2 asυ   2925  99.06  8.80  104.81  12.06 
CH3 asυ   2965  -  -  124.65  5.76 
CH2 FRυ   2900  -163.45  8.63  16.31  4.04 
CH3 FRυ   2945  107.37  4.96  32.28  7.13 
30 mM 
CH2 sυ   2860  202.74  10.81  10.22  2.98 
CH3 sυ   2880  245.60  5.07  4.24  1.64 
CH2 asυ   2925  92.51  6.78  33.44  6.21 
CH3 asυ   2965  -  -  152.52  6.03 
CH2 FRυ   2900  -180.12  11.28  16.05  3.28 
CH3 FRυ   2945  114.90  4.04  92.92  15.50 
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50 mM 
CH2 sυ   2860  169.46  10.11  20.32  8.41 
CH3 sυ   2880  333.33  6.26  12.21  3.96 
CH2 asυ   2925  54.47  4.67  120.32  15.02 
CH3 asυ   2965  -  -  177.34  6.30 
CH2 FRυ   2900  -158.94  8.94  35.38  5.57 
CH3 FRυ   2945  165.12  5.23  30.02  4.95 
60 mM 
CH2 sυ   2860  173.12  11.18  15.89  7.44 
CH3 sυ   2880  290.39  5.21  15.24  3.58 
CH2 asυ   2925  68.35  4.55  109.17  14.96 
CH3 asυ   2965  -  -  174.49  5.89 
CH2 FRυ   2900  -160.12  8.92  14.38  5.04 
CH3 FRυ   2945  154.47  4.62  23.36  6.40 
70 mM 
CH2 sυ   2860  341.02  16.01  18.30  6.92 
CH3 sυ   2880  323.55  5.77  33.31  4.11 
CH2 asυ   2925  94.48  6.62  55.03  7.23 
CH3 asυ   2965  -  -  199.69  6.70 
CH2 FRυ   2900  -426.62  23.58  36.70  4.68 
CH3 FRυ   2945  192.38  5.21  12.11  6.29 
100 mM 
CH2 sυ   2860  262.69  12.88  18.25  3.91 
CH3 sυ   2880  285.59  5.10  28.29  4.82 
CH2 asυ   2925  99.18  8.30  62.73  7.30 
CH3 asυ   2965  -  -  201.16  6.72 
CH2 FRυ   2900  -194.12  10.75  20.70  4.02 
CH3 FRυ   2945  173.60  5.47  23.95  4.38 
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Appendix IV 
 
In Section 7.3, we quantitatively discussed that Eq. (7.19) can be reduced to Eq. (7.20) if the 
first term on the right hand side is signifcantly smaller than the second term. The fitting results 
obtained in Section 7.5.1 can now be used to investigate the validity range of this approximation 
quantitatively. The surface coverage of the A|W and O|W interfaces at medium to high surface 
potentials varies from about 50% to 60% for the A|W interface and from 60 % to 70 % for the O|W 
interface (see Fig. A1-(a)). The combined, as well as individual, values of both terms on the right-
hand side of Eq. (7.19) were calculated for different J values, by using 0.6θ = , B = 4.354 nm, 
( )1 8J+ Ψ = from the literature (Ivanov et al., 2006), and 
∞
Γ  and   from Table 7.2. Fig A1-(b) 
shows the calculated values for small J values. At values as low as J = 0.01, the first term is 
completely dominant, up to the J value of 0.1, elimination of the second term would yield an error 
of less than 10%. With a large number of surfactants at the first head group plane, the system 
behaves like a non-immersed adsorption monolayer. From J = 0.1 to nearly J = 0.7, both terms have 
a significant contribution, and the elimination of either of them would result in big errors, from 10% 
to a maximum of 65%. For the J values of 1 to 20 (see Fig. A1-(c)), the error in the elimination of 
the first term is less than 2% and Eq. (7.19) can simply be replaced by Eq. (7.20). A J value of 20 
corresponds to the immersion of 5 methylene groups at the A|W interface (see Fig. 7.5). If 
surfactants were immersed by 5 methylene groups at the O|W interface, the corresponding value of 
J would be about 7, which in turn corresponds to an error of 0.1% (see Fig. A1-(c)) upon the 
elimination of the first term in Eq. (7.19). From Fig. A1-(c), it is also evident that the first term’s 
contribution to Eq. (7.19) starts to increase again at J = 20 at the O|W interface, resulting in an error 
of more than 22% upon its elimination. It should be noted that a J value of 20 at the O|W interface 
requires the full immersion of the surfactants, or in other words, desorption of the surfactants. 
Indeed, there would be no adsorption, and the adsorption analysis would be pointless. Furthermore, 
the hyperbolic sinh function in the second term is independent of J and has the constant value of 
~19. This means the approximation made in Eq. (7.21) leads to a minimal error of only 0.1%.  
Briefly, the assumptions we made while deriving our adsorption models are justifiable 
throughout the studied range, i.e., immersion of up to 5 methylene groups. In this range, the 
counterions are mainly distributed from bulk up to the second (immersed) plane. In reality, we have 
a concentration depth profile of the adsorbed surfactants across the interface instead of the 
simplified two-potential model presented here. Penetration of counterions across this surfactant 
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distribution is reasonably difficult and thus negligible since the electrostatic attractions by the 
immersed headgroups would not allow the majority of counterions to reach the topmost adsorption 
plane in the vicinity of the air phase, at high surface coverage.   
 
 
 
 
Figure IV-1. (a) Surface coverage of the (□) A|W and (○) O|W interfaces by SDS surfactant 
molecules. (b) & (c) The calculated values of (circles) the first and (squares) the second terms in the 
general Eq. (7.19) vs. J for the SDS molecules adsorbed at (black) the A|W and (red) the O|W 
interfaces. The dashed lines show the sum of the two terms. These values were calculated using B = 
4.354 nm, θ = 0.6, and ( )1 8J+ Ψ = . The fitting values of 
∞
Γ  and   obtained from the Langmuir 
EOS were used for the corresponding interfaces. 
 
 
 
Reference  
 
Ivanov, I. B., Kavssery P. Ananthapadmanabhan & Lips, A. Adsorption and structure of the 
adsorbed layer of ionic surfactants   Adv. Colloid Interface Sci., 2006, 123-126, 189-212. 
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Appendix V 
 
 
Figure V-1. ssp-polarized SFG spectra recorded for neat water surface on different days. 
 
 
 
Figure V-2. SFG Spectra of (a) 5 mM, (b) 15 mM and (c) 20 mM solutions of MIBC obtained 
under ssp polarisation combination. The thick black lines show the overall fit to the spectra and the 
coloured lines are the deconvoluted component peaks.  
